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Molybdenum, Tungsten and Nickel Compounds as  
Catalysts for the Dehydrogenation of Formic Acid 
 
Michelle C. Neary 
 
Though petroleum fuels are currently a crucial part of our daily life, there is interest in 
developing energy sources that are more sustainable and better for the environment.  
One possible energy source is hydrogen, which burns cleanly to produce only water as 
a byproduct.  However, hydrogen itself cannot be easily transported and, therefore, 
other storage mediums are necessary.  One such storage medium that has been 
investigated in recent years is formic acid, which is a liquid at room temperature and 
easier to handle.  A crucial aspect of using formic acid is the ability to release hydrogen 
on demand.  Testing possible catalysts for this transformation has driven my research 
over the last five years. 
 
Chapter 1 investigates the ability of a series of cyclopentadienyl molybdenum hydrides, 
CpRMo(PMe3)3-x(CO)xH (CpR = C5H5, C5Me5; x = 0, 1, 2, 3), to catalyze formic acid 
dehydrogenation.  Though several compounds in the series CpRMo(PMe3)3-x(CO)xH 
have been structurally characterized before, we were able to characterize several more 
by X-ray diffraction.  Since the compounds are structurally similar, differences in 
catalytic activity are governed by the electronics, which are determined primarily by the 
number of PMe3 ligands relative to CO.  The best catalysts are the hybrid compounds, 
CpRMo(PMe3)2(CO)H, due to the fact that they can be easily protonated by formic acid 
and readily release hydrogen to continue the catalytic cycle.   
 
Additionally, I observed that methanol and methyl formate were being produced as 
side products.  Since methanol is also a potential hydrogen storage medium, its 
production is of interest.  In this case, the tricarbonyl compounds, CpRMo(CO)3H, were 
most selective for formic acid disproportionation relative to dehydrogenation.  This is 
likely due to their relative propensity to transfer a hydride ligand to formic acid rather 
than to become protonated by it.  We also investigated the ability of formic acid to 
reduce ketones and aldehydes via transfer hydrogenation. 
 
Because the phosphine-rich compounds were such effective catalysts, we sought to 
investigate the reactivity of other compounds with phosphine ligands towards formic 
acid.  To this end, Chapter 2 focuses on studies involving Ni(PMe3)4, and Chapter 3 
looks at Mo(PMe3)6 and W(PMe3)4(2-CH2PMe2)H.  Ni(PMe3)4 is indeed able to 
catalyze formic acid dehydrogenation.  Density Functional Theory studies suggest that 
the mechanism involves formation of a formate-hydride followed by decarboxylation to 
produce a dihydride species.  The ability of the PMe3 ligand to induce decarboxylation 
also provides a route to synthesize Ni(PMe3)4 from Ni(O2CH)2•2H2O and 
Ni(py)4(O2CH)2•2py, which has been structurally characterized. 
 
To expand on the nickel phosphine reactivity, a heteroleptic nickel phosphine complex 
employing the bisphosphine ligand 1,2-bis(diphenylphosphino)benzene (bppb), namely 
(bppb)Ni(PMe3)2, was synthesized, characterized and tested with formic acid.  It also 
catalyzes dehydrogenation, but rearranges to Ni(PMe3)4 and the inactive compound, 
(bppb)2Ni.  The structural characterization of these and other (bppb)Ni compounds 
shows that the bppb ligand allowed for extreme flexibility in crystallization. 
 
 
Chapter 3 reveals that Mo(PMe3)6 and W(PMe3)4(2-CH2PMe2)H are likewise catalysts 
for formic acid dehydrogenation.  However, the compounds produced along the way 
are also of interest.  The known carbonate species, Mo(PMe3)4H2(O2CO), is formed 
from Mo(PMe3)6 and formic acid, and we have structurally characterized it.  The 
tungsten carbonate species is also produced in the analogous reaction with 
W(PMe3)4(2-CH2PMe2)H.  Other compounds observed include W(PMe3)4H2(O2CH)2 
and W(PMe3)4H3(O2CH), the latter of which has also been characterized by X-ray 
diffraction.  Finally, both Mo(PMe3)6 and W(PMe3)4(2-CH2PMe2)H react with formic 
acid to make trimeric species, [M(PMe3)3(CO)(O2CH)(-O2CH)]3 (M = Mo, W), which 
display an unusual anti/anti configuration of the bridging formate ligands. 
 
Chapter 4 revisits some of the side products from Chapter 1 in more detail, particularly 
[CpMo(CO)3]2 and [CpMo(-O)(-O2CH)]2.  The presence of semi-bridging and 
bridging ligands, respectively, makes it difficult to determine whether there is actually a 
metal-metal bond.  Natural Bond Orbital (NBO) analysis reveals that there is indeed a 
Mo-Mo bond in [CpMo(CO)3]2, but not in [CpMo(-O)(-O2CH)]2.  The Covalent Bond 
Classification method can be used to depict these and other compounds in a way that 
more accurately reflects the true bonding in the molecule.
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I feel like I just started graduate school, and I can’t believe I’m already (almost) finished.  
I still learn new things every day—new techniques, new ways to interpret data, new 
principles of chemistry.  But when I think back to what I knew five years ago, just after 
I finished my undergraduate degree, the difference is stark.  I barely knew how to take 
an NMR!  Macalester gave me an amazing foundation in chemistry, but my knowledge 
has expanded so much since then.  There are many people to thank; I could never have 
done it alone.   
 
First and foremost, I have to thank Ged Parkin, my advisor.  Though he has allowed 
me the freedom to work on the type of projects I wanted to, he has also come up with 
experiments I never would have thought of that make them better.  He is not only 
good at seeing the big picture, but also at teaching me what details are the most crucial 
to support it.  No stone goes unturned in our projects before they are published.  It 
has been particularly invaluable to learn NMR spectroscopy and X-ray diffraction to 
such a high standard.  I am excited to use what I have learned (and what I still have to 
learn in the future) running the X-ray diffraction facility at Hunter College.  I could not 
be taking this step without Ged’s training and mentorship.  Beyond chemistry, he is 
always ready to distract us with a joke or a magic trick.  I have also appreciated his 
commitment to outreach; even if it means waking up early on a Saturday, it’s great to 
invest in younger potential future scientists.  It’s been a good five years. 
 
Then there are the people who were, and are, in lab with me every day.  Wes and 
Aaron Sattler were just about to graduate when I joined the Parkin group, and they 
showed me how to use the Schlenk lines, the glove boxes, and the X-ray machine.  Wes 
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was right there with me when I made a big batch of the compound that would be the 
basis of my first paper in this lab and the first chapter of this thesis. 
 
Yi Rong was a fourth year when I started, and I didn’t fully appreciate how well she 
kept the lab running until it was my turn to do so after she left.  She made sure our 
necessary supplies were always on hand and was so helpful if I had a question about a 
technique or how to format data.  Ahmed Al-Harbi was the same year as Yi, and for 
the two years we overlapped, he brought a lot of levity to the lab.  He was always 
cracking a joke or a smile and his presence is greatly missed. 
 
Neena Chakrabarti, Ava Kreider-Mueller, and Ashley Zuzek were in the lab with me 
for three years, and they provided guidance in so many ways. Always one step ahead, I 
got to see how they did their original research proposals, how they wrote their theses, 
and how they made it through their defenses.  They had so much knowledge about the 
techniques used in this lab and chemistry in general, and I learned a lot just from 
working with them every day.  Not only did they help me get through the program, 
they were great people to spend time with.  Neena was part of our everyday lunch 
group, Ava was a coffee buddy, and Ashley was my (honorary) deskmate.  Josh 
Palmer, a postdoc, was also here in lab with me for my first three years.  As my actual 
deskmate, we talked a lot.  The information he knew about chemistry was invaluable.  
I don’t think I would be moving on to a job in X-ray crystallography without his 
constant advice.  We also talked a lot about life during much-needed afternoon breaks 
at Joe (whether we really needed caffeine or not…).  There was a big hole in lab when 
they all left. 
 
iv 
Serge Ruccolo, my fellow classmate, has been right beside me my entire time in the 
Parkin group.  We’ve spent many hours figuring out courses, teaching, cumulative 
exams, the second year defense, the ORP, and now, the thesis and final defense.  It’s 
been great to have someone walk through each milestone with me.  He’s an excellent 
chemist full of great advice if I’m stuck on a synthesis or a workup (and is also great to 
hang out with at happy hours).  I know he will go on to do great things. 
 
Next are Patrick Quinlivan, Mike Rauch, and Dave Sambade, who will be carrying on 
the Parkin group legacy.  I have enjoyed getting to know all three of you.  The lab is 
just as fun to work in now as it was when I started.  I tried to pass on any knowledge 
when I could, but I have no worries that you guys will figure everything out after Serge 
and I are gone.  I wish you all the best of luck! 
 
I would like to thank the National Science Foundation for a Graduate Research 
Fellowship and the Department of Energy for support of this research. 
 
I’d also like to thank the members of my committee, Jon Owen and Colin Nuckolls.  
Jon taught Advanced Inorganic during my first year and gave me a great foundation in 
chemistry that I have relied upon my entire time at Columbia.  I am grateful to Colin 
for his thoughts and advice whenever we have talked about my project.  Jon and Colin 
both had insightful comments and asked interesting questions at my second year 
defense and my ORP, making me think more deeply and gain a broader perspective on 
what I am doing. 
 
I am also grateful to Jack Norton and Jun Shin for serving on my committee for my 
thesis defense.  Jack taught Advanced Inorganic with Jon, and I have enjoyed getting 
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To keep up with the growing demand for energy, it is imperative to develop alternative 
energy sources that are more sustainable than fossil fuels and have a reduced 
environmental impact.1  One attractive energy source is hydrogen, which can be 
consumed in a fuel cell with only water as a byproduct.2  However, hydrogen is 
difficult to store and transport;3 tanks are large and must be at high pressure or 
cryogenic temperatures.  Recently, interest has focused on formic acid as a chemical 
hydrogen transportation medium.4,5,6   Though formic acid is only 4.3% hydrogen by 
mass, it is a liquid at room temperature and is therefore easy to handle and transport.  
It is readily available from hydrocarbon oxidation, the hydrolysis of methyl formate,7 
and reactions of synthesis gas (CO/H2).8  In recent years, its isolation from biomass has 
emerged as another promising source that is renewable.9  When formic acid releases 
hydrogen, the only byproduct is carbon dioxide, which could be trapped10 and 
recycled11 to store more hydrogen. 
 
The decomposition of formic acid into hydrogen and carbon dioxide (Scheme 1) has 
been carried out by both heterogeneous12,13 and homogeneous catalysts.14-24  In recent 
years, non-precious catalysts have been the focus of much investigation.19-22  For 
example, the Parkin group previously demonstrated that Cp*Mo(PMe3)2(CO)H is an 
effective catalyst for this transformation.20 
 
 
Scheme 1.  Formic acid dehydrogenation reaction. 
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Here, we extend studies on the Mo complex, Cp*Mo(PMe3)2(CO)H, to the entire series 
CpRMo(PMe3)3-x(CO)xH (CpR = C5H5, C5Me5; x = 0, 1, 2, 3).  Since PMe3 is a strong -
donor and a poor -acceptor, a compound with more PMe3 ligands relative to CO is 
expected to be more electron-rich at the metal center.  The Cp* ligand is also expected 
to be more donating to the metal than Cp due to the presence of the methyl groups.  
We investigate the effect of these varying ligands on the reactivity of the catalyst 
towards formic acid. 
 
1.2 Synthesis and Structural Characterization of CpRMo(PMe3)3-x(CO)xH 
CpMo(CO)3H is commonly synthesized via the formation of [CpMo(CO)3]– from 
Mo(CO)6 and subsequent protonation by acetic acid (Scheme 2).25  We have made the 
compound in this same manner, but we have also found that formic acid can be used 
for the protonation step.  Though this compound was first reported in 1956,25a it was 
not structurally characterized until 2009.25d  Single crystal X-ray diffraction revealed 
that it adopts a four-legged piano stool structure in the solid state.25d 
 
 
Scheme 2.  Synthesis of CpMo(CO)3H via Mo(CO)6. 
 
The synthesis of CpMo(PMe3)(CO)2H followed a process similar to the literature 
procedure.26   A benzene solution of CpMo(CO)3H was treated with PMe3 via vapor 
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transfer at –196˚C.  When warmed to room temperature, conversion to 
CpMo(PMe3)(CO)2H is immediate (Scheme 3).  NMR spectroscopy has shown that this 
compound undergoes cis/trans isomerization in solution, with the cis isomer being 
energetically favored.26a  X-ray structure determination reveals that 
CpMo(PMe3)(CO)2H has a four-legged piano stool structure similar to that of 
CpMo(CO)3H, with the two carbonyl ligands in a cis configuration (Figure 1).  
Relevant bond lengths and angles are given in Table 1. 
 
 




Figure 1.  Molecular structure of CpMo(PMe3)(CO)2H (hydrogen atoms bound to 
carbon are omitted for clarity). 
 
CpMo(PMe3)2(CO)H was also synthesized by the addition of excess PMe3 to a solution 
of CpMo(CO)3H in benzene, but the solution was placed under UV light ( = 350 nm) 
for ca. 30 hours to achieve dissociation of the second CO ligand (Scheme 4).26b,27  
Cp*Mo(PMe3)2(CO)H was synthesized via an analogous procedure using Cp*Mo(CO)3H 
as a starting material.26b  X-ray diffraction on a single crystal of CpMo(PMe3)2(CO)H 
revealed that, in the solid state, the two PMe3 ligands adopt a trans configuration 




Scheme 4.  Synthesis of CpMo(PMe3)2(CO)H from CpMo(CO)3H. 
 
 
Figure 2.  Molecular structure of CpMo(PMe3)2(CO)H (hydrogen atoms bound to 
carbon are omitted for clarity). 
 
CpMo(PMe3)3H28 and Cp*Mo(PMe3)3-x(CO)xH (x = 2, 3)29,30 were synthesized via the 
literature procedures.  Unfortunately, crystals of high enough quality for X-ray 
diffraction could not be grown for CpMo(PMe3)3H or any of the Cp* compounds. 
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Analysis of the cis-L-Mo-L and cis-L-Mo-H (L = CO, PMe3) bond angles (Figure 3) as 
well as the Mo-H bond lengths of CpMo(CO)3H, CpMo(PMe3)(CO)2H and 
CpMo(PMe3)2(CO)H reveals that these compounds have similar geometries at the Mo 
center, with cis-L-Mo-L angles ranging from 79.04˚ to 82.12˚ and cis-L-Mo-H angles 
ranging from 61.26˚ to 66.65˚ (Table 1).  In fact, these values are all within the range of 
cis-L-Mo-L angles (77.72˚-88.19˚) and cis-L-Mo-H angles (61.26˚-69.54˚) for related 
CpRMoL3H (L = CO, PR’3) compounds listed in the Cambridge Structural Database 
(CSD).31-36  For example, the cis-L-Mo-L angles in CpBzMo(PMe3)(CO)2H (77.72˚ and 
82.81˚)36 and CpMo(PPri3)(CO)2H (78.34˚ and 83.46˚)34 are close to the cis-L-Mo-L angles 
in CpMo(PMe3)(CO)2H (79.04˚ and 79.07˚) despite the presence of benzyl groups on the 
cyclopentadienyl ligand or isopropyl groups on the phosphine ligand.  Also of note, 
CpBzMo(PMe3)(CO)2H adopts a configuration in which the two CO ligands are trans, 
while all other CpRMo(PR’3)(CO)2H compounds adopt a configuration in which the CO 
ligands are cis.  However, as with CpMo(PMe3)(CO)2H,26a NMR studies suggest that 




Figure 3.  Angles of interest for CpMoL3H (L = CO, PR’3) compounds.  Left: ligand 
labeling scheme; Right: Newman projection down the Cp-Mo bond displaying the cis-L-





















CpMo(CO)3H 79.67 82.12 101.85 66.65 121.32 61.26 1.693 25d 
Cp*Mo(CO)3Ha 88.19 80.65 101.46 - - - - 32 
CpBzMo(CO)3H 81.60 81.73 105.88 66.94 121.86 63.38 1.606 33 
CpMo(PMe3)(CO)2H  79.04 79.47 107.30 65.94 115.74 63.66 1.670 this 
work 
CpMo(PPri3)(CO)2Hb 78.34 83.46 103.63 64.14 119.72 63.62 1.643 34 
 81.86 80.91 102.24 67.10 124.46 63.56 1.650  
Cp*Mo[P(OMe)(NMeCH2)2](CO)2H 80.36 83.56 108.75 69.82 129.50 69.54 1.693 35 
CpBzMo(PMe3)(CO)2H  82.81 77.72 98.52 65.87 127.56 67.42 1.778 36 
CpBzMo(PPh3)(CO)2H  82.23 81.19 102.78 65.71 122.20 62.53 1.812 36 
CpMo(PMe3)2(CO)H  80.50 80.52 116.09 65.19 110.33 65.85 1.696 this 
work 
(a)  The hydride ligand was not located. 
(b)  There were two independent molecules in the asymmetric unit. 
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1.3 Reactivity of CpRMo(PMe3)3-x(CO)xH 
1.3.1 Dehydrogenation of Formic Acid 
As discussed previously, Cp*Mo(PMe3)2(CO)H is known to be an effective catalyst for 
the dehydrogenation of formic acid.20  In the same study, it was reported that 
Cp*Mo(PMe3)3H also reacts with formic acid.  However, it does not serve as a 
dehydrogenation catalyst.  Rather, it converts to Cp*Mo(PMe3)2(CO)H at elevated 
temperatures.  CpMo(PMe3)3H displays analogous reactivity at 100˚C, converting 
completely to CpMo(PMe3)2(CO)H in the presence of formic acid with the concomitant 
release of hydrogen and trimethylphosphine oxide (Scheme 5). 
 
 
Scheme 5.  Reactivity of CpMo(PMe3)3H with formic acid at 100˚C. 
 
However, the other six compounds, CpRMo(PMe3)3-x(CO)xH (CpR = C5H5, C5Me5; x = 1, 
2, 3), all displayed catalysis at 100˚C.  The turnover frequencies (TOFs) for each catalyst 
are given in Table 2, showing a trend that is not straightforward.  For example, 
CpMo(CO)3H and CpMo(PMe3)(CO)2H have almost exactly the same TOF, while 
Cp*Mo(CO)3H is approximately three times slower than Cp*Mo(PMe3)(CO)2H.  
Additionally, Cp*Mo(CO)3H is a less effective catalyst than CpMo(CO)3H, while 
Cp*Mo(PMe3)(CO)2H and Cp*Mo(PMe3)2(CO)H both consume formic acid more 
quickly than their Cp counterparts.  
12 
 
Though a monotonic trend cannot be established based on Cp vs. Cp* or PMe3 vs. CO 
alone, it is clear that CpRMo(PMe3)2(CO)H (CpR = C5H5, C5Me5) are the most effective 
catalysts. In fact, they both also enable formic acid dehydrogenation at room 
temperature (Table 2). 
 
Table 2.  Turnover frequencies (h–1) for dehydrogenation of formic acid by 
CpRMo(PMe3)3-x(CO)xH at 100˚C.a  
 
 Cp Cp* 
CpRMo(PMe3)2(CO)H 31 (0.77)b 54 (1.8)b 
CpRMo(PMe3)(CO)2H 0.64 1.2 
CpRMo(CO)3H 0.67 0.33 
(a) [CpRMo(PMe3)3-x(CO)xH] = 0.016 M, [HCO2H]initial = 0.39 M, C6D6, values at 50% 
conversion. 
(b) Values in parentheses are for catalysis performed at room temperature. 
 
 
1.3.2 Mechanistic Considerations 
A tentative mechanism for the dehydrogenation of formic acid is given in Figure 4. 
Support for this mechanism is provided by analysis of the CpMo(PMe3)2(CO)H system. 
Specifically, all three Mo-containing compounds can be observed by NMR spectroscopy 




Figure 4.  Proposed mechanism for formic acid dehydrogenation by Mo hydrides. 
 
When formic acid is first added to a solution of CpMo(PMe3)2(CO)H, the only Mo-
containing species in solution is CpMo(PMe3)2(CO)(O2CH).  As the dehydrogenation 
reaction proceeds at room temperature and the formic acid concentration goes down, 
the amount of CpMo(PMe3)2(CO)(O2CH) decreases and CpMo(PMe3)2(CO)H is 




Figure 5.  Change in the 1H NMR signals of CpMo(PMe3)2(CO)(O2CH) (left) and 
CpMo(PMe3)2(CO)H (right) as formic acid is consumed at room temperature.  Note 
that the chemical shift of the formate moiety is influenced by the concentration of 
formic acid.  
 
Additionally, examination of a d8-toluene solution of CpMo(PMe3)2(CO)H and formic 
acid at low temperature (276K) reveals the presence of [CpMo(PMe3)2(CO)H2]+ (Figure 
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6).  The chemical shift (–3.33 ppm) and the 2JP-H (43 Hz) are consistent with a 
formulation of a dihydride species rather than a dihydrogen complex.  Specifically, 
Poli has demonstrated that protonation of Cp*Mo(PMe3)2(CO)H by [HBF4]+ yields a 
complex that exists as the dihydrogen compound, [Cp*Mo(PMe3)2(CO)(2-H2)]+ ( -5.14, 
broad singlet, T1 min = 24 ms), in THF and as the dihydride, [Cp*Mo(PMe3)2(CO)H2]+ 
( -3.92, 2JP-H = 55 Hz, T1 min = 300 ms), in CH2Cl2, both of which dissociate H2 at low 
temperature (230 K).38  Likewise, Bullock has shown that protonation of 
CpMo(CO)(dppe)H by TfOH at low temperature generates a dihydride species, 
[CpMo(CO)(dppe)H2][OTf] (T1 186K = 244 ms), which releases H2 to form 
CpMo(CO)(dppe)(OTf) at room temperature.39 
 
 
Figure 6.  1H NMR spectrum (276 K) showing the hydride signal of 




Further support of the presence of a dihydride species is provided by the 
CpMo(PMe3)3H system.  Though CpMo(PMe3)3H converts to CpMo(PMe3)2(CO)H in 
the presence of formic acid at elevated temperatures (vide supra),20 at lower 
temperatures, [CpMo(PMe3)3H2]+ is observed.  The broad singlet in the hydride region 
of the 1H NMR spectrum at room temperature, indicative of fast exchange of the two 
hydride ligands, gives way to two distinct multiplets at –5.74 [m, 1H, 
[CpMo(PMe3)3H2][HCO2], 2JP–H = 46, 2JP–H = 8 and 2JH–H = 8] and –2.57 [m, 1H, 




Figure 7.  Hydride region of the 1H NMR spectrum for [CpMo(PMe3)3H2][HCO2] in 
CD3CN at 239K 
 
The chloride derivative of [CpMo(PMe3)3H2]+, namely [CpMo(PMe3)3H2][Cl], has been 
characterized by X-ray diffraction, thus confirming its formulation as a dihydride rather 
than a dihydrogen complex (Figure 8).  It is structurally similar to the related 
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dihydrides [CpW(PMe3)(CO)2H2][OTf]41 and [CpMo(2-PNP)(CO)H2][B(C6F5)4].42  All 
three compounds feature one hydride ligand trans to the Cp ligand and the other 
hydride ligand cis to the Cp as part of a piano-stool configuration. 
 
 
Figure 8.  Molecular structure of [CpMo(PMe3)3H2][Cl] (chloride and hydrogen atoms 
bound to carbon are omitted for clarity). 
 
Unlike [CpMo(PMe3)2(CO)H2][HCO2], [CpMo(PMe3)3H2][HCO2] does not lose 
hydrogen at room temperature, rendering it an ineffective catalyst for formic acid 
dehydrogenation.  This is consistent with the reactivity for the tetrafluoroborate 
derivative, [CpMo(PMe3)3H2][BF4], which does not dissociate H2 even at 80˚C.40  As 
discussed above, however, [CpMo(PMe3)3H2][HCO2] is unstable at 100˚C and converts 
to the bisphosphine complex, CpMo(PMe3)2(CO)H.  
 
In contrast, CpMo(PMe3)(CO)2H and CpMo(CO)3H only react with formic acid at 
elevated temperatures, and no [CpRMo(PMe3)3-x(CO)xH2]+ species is ever detected for 
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catalysts in which x = 2 or 3.43  CpMo(PMe3)(CO)2H has been shown to react with a 
stronger acid, namely HBF4, at room temperature,44,45 but [CpMo(PMe3)(CO)2H2]+ is 
not observed; rather, the compound immediately eliminates H2.  CpMo(CO)3H can 
also be protonated with a strong acid, namely TfOH, to produce CpMo(CO)3(OTf) and 
H2.45a,46  As with the CpMo(PMe3)(CO)2H analogue, the dihydride species is not 
observed.  Though the basicities of these compounds have not been measured, it is 
expected that the replacement of PMe3 ligands by CO would render 
CpMo(PMe3)(CO)2H and CpMo(CO)3H less basic than CpMo(PMe3)2(CO)H and 
CpMo(PMe3)3H.47,48  Thus, it is unsurprising that elevated temperatures are required 
for protonation by formic acid.   
 
The effectiveness of the catalyst is clearly affected by the number of PMe3 ligands 
relative to CO, but the trend is non-monotonic.  While CpMo(PMe3)3H is readily 
protonated, it is an ineffective catalyst due to the inability of [CpMo(PMe3)3H2]+ to 
release hydrogen.  Conversely, CpMo(PMe3)(CO)3H and CpMo(CO)3H are poor 
catalysts because they are less electron rich and, therefore, difficult to protonate.  It is 
the hybrid compound CpMo(PMe3)2(CO)H that has the right electronic balance to allow 
for both the protonation by formic acid and the subsequent release of hydrogen.   
 
1.3.3 DFT Calculations 
Though dihydride and formate intermediates were not observed experimentally for the 
CpMo(CO)3H system, density functional theory (DFT) calculations support the 
plausibility of [CpMo(CO)3H2]+ and the intermediacy of CpMo(CO)3(O2CH).  
Geometry optimized structures of these proposed intermediates are given in Figures 9 
and 10, while relative free energies are given in Table 3.  Though the energy of 
[CpMo(CO)3H2]+ and [HCO2]– is 153.7 kcal mol-1 (ESCF) higher than that of CpMo(CO)3H 
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and formic acid,49 the geometry of [CpMo(CO)3H2]+ is analogous to that of 
[CpMo(PMe3)3H2]+.  This relatively high energy is likely a consequence of the fact that 
these gas phase calculations do not take into account stabilizing electrostatic 
interactions.  In contrast, CpMo(CO)3(O2CH) is energetically accessible in the gas 
phase, with CpMo(CO)3(O2CH) and H2 only 18.3 kcal mol-1 higher in energy than 
CpMo(CO)3H and formic acid.  Subsequent decarboxylation to form CpMo(CO)3H and 
CO2 is downhill by 9.1 kcal mol-1.   
 
 
Figure 9.  Geometry optimized structure of [CpMo(CO)3H2]+ (Cp hydrogen atoms 
omitted for clarity). 
 
  
Figure 10.  Geometry optimized structures of the proximal (left) and distal (right) 
isomers of CpMo(CO)3(O2CH) (Cp hydrogen atoms omitted for clarity).  The distal 
isomer is higher in energy by 5.9 kcal mol-1 (ESCF). 
20 
 
Table 3.  Relative energy (kcal mol-1) of intermediates in the proposed mechanism for 
the dehydrogenation of formic acid by CpMo(CO)3H. 
 
Species ESCF G (298.15K) 
CpMo(CO)3H + ½(HCO2H)2 0.0 0.0 
[CpMo(CO)3H2]+ + [HCO2H]– 153.7 146.2 
CpMo(CO)3(O2CH)a + H2 18.3 13.9 
CpMo(CO)3H + H2 + CO2 9.2 –7.0 
(a) Proximal isomer 
 
The decarboxylation step was further examined by determining a possible transition 
state in which the hydrogen on the formate ligand approaches the Mo center (Figure 
11).  Though the formate hydrogen in proximal CpMo(CO)3(O2CH) is not ideally 
positioned to interact with the metal center, a distal rotamer in which the formate 
hydrogen does point directly towards Mo is accessible (relative ESCF = 5.9 kcal mol-1, see 
Figure 10).  The proposed transition state is only 25.9 kcal mol-1 higher in energy than 
the distal isomer, and an intrinsic reaction coordinate calculation confirms that the 
transition state can lead to either distal CpMo(CO)3(O2CH) or CpMo(CO)3H and CO2.  
Thus, this transition state is a reasonable one for the decarboxylation step.  Between 
the NMR spectroscopic evidence for the proposed intermediates and the DFT results, 
the mechanistic pathway in Scheme 4 seems feasible. 
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Figure 11.  Possible transition state for the decarboxylation of CpMo(CO)3(O2CH) to 
form CpMo(CO)3H and CO2 (Cp hydrogen atoms omitted for clarity). 
 
 
1.3.4 Disproportionation of Formic Acid 
In addition to CO2 and H2, methanol and methyl formate were also observed during the 
course of catalysis.  The methanol is a result of disproportionation of formic acid 
(Scheme 6), while the methyl formate is a result of the subsequent esterification reaction 
between methanol and formic acid.  This reaction is of interest due to the recent 
studies investigating a potential methanol economy;50 however, there are only two 
other reports of homogeneous catalysts that can effect formic acid 
disproportionation,15g,17c,51,52 and both of these catalysts contain precious metals, 
namely ruthenium and iridium.53  Therefore, we sought to further explore the ability of 
the CpRMo(PMe3)3-x(CO)xH system to effect this transformation. 
 
 
Scheme 6.  Disproportionation of formic acid. 
 
The selectivity for the formation of methanol and methyl formate is defined as the 
percentage of formic acid used to produce methanol and methyl formate relative to 
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hydrogen, based on the stoichiometry of the disproportionation reaction: 3  
{[MeOH]formed + [HCO2Me]formed}/{[HCO2H]consumed – [HCO2Me]formed}  100.  The 
selectivity of each Mo catalyst with respect to disproportionation is dependent on both 
the cyclopentadienyl substituents and the number of carbonyl ligands, with the number 
of carbonyl ligands being the most significant.  An initial screening of the catalysts 
revealed that CpMo(CO)3H was the most selective for disproportionation (Table 4). 
 
Table 4.  Selectivities for disproportionation versus dehydrogenation of formic acid by 
CpRMo(PMe3)3-x(CO)xH at 100˚C.a 
 
 Cp Cp* 
CpRMo(PMe3)2(CO)H 1.2 1.2 
CpRMo(PMe3)(CO)2H 4.0 2.1 
CpRMo(CO)3H 11.1 10.6 
(a) [CpRMo(PMe3)3-x(CO)xH] = 0.016 M, [HCO2H]initial = 0.39 M, C6D6, values at 100% 
conversion. 
 
With CpMo(CO)3H identified as the catalyst most selective for disproportionation 
relative to dehydrogenation, the concentrations of catalyst and of formic acid were 
varied to optimize the disproportionation selectivity (Table 5).  Though a clear trend 
was not revealed, we were able to obtain a selectivity of 21%, which is intermediate 




Table 5.  Selectivities for disproportionation versus dehydrogenation of formic acid by 
CpMo(CO)3H as a function of catalyst and formic acid concentration.a 
 
[CpMo(CO)3H] /M [HCO2H] /M Selectivity /% 
0.015 0.049 6.9 
0.014 0.18 9.6 
0.014 0.36 15 
0.014 0.67 10 
0.041 0.36 12 
0.10 0.36 15 
0.025 0.34 21 
(a)  100˚C, C6D6, values at 100% conversion. 
 
A potential mechanism for the disproportionation reaction is based on the ionic 
hydrogenation of ketones41,45,55-57 and involves hydride transfer from 
CpRMo(PMe3)3-x(CO)xH to protonated formic acid58 to produce methanediol and 
CpRMo(PMe3)3-x(CO)x(O2CH), followed by either (i) loss of H2O from methanediol and 
another hydride transfer to formaldehyde or (ii) disproportionation of methanediol to 
form methanol and formic acid (Scheme 7).59  Any methanol created can then react 




Scheme 7.  Proposed mechanism for the disproportionation of formic acid by 
CpRMo(PMe3)3-x(CO)xH 
 
Support for a mechanism involving direct transfer of hydrogen from formic acid rather 
than a mechanism involving the H2 released via decarboxylation is provided by the fact 
that there is no deuterium incorporation into methanol or methyl formate when the 
reaction is performed under D2 (1 atm).  Thus, any hydrogen transferred to formic acid 
must come directly from another molecule of formic acid.  This is in contrast to ionic 
hydrogenation mechanisms involving other cyclopentadienyl Mo catalysts that use H2 
as the hydrogen source.55-57 
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Overall, there are two possible formic acid reaction pathways catalyzed by 
CpRMo(PMe3)3-x(CO)xH (CpR = C5H5, C5Me5; x = 1, 2, 3): dehydrogenation and 
disproportionation.  Generalized catalytic cycles are given in Scheme 8, which 
illustrates that the selectivity is governed by the propensity of the catalyst to transfer a 
hydride ligand to protonated formic acid relative to its propensity to undergo 
protonation by formic acid.  Therefore, both the basicity and the hydricity of the 
catalyst play roles in determining which reaction is preferred and by how much.  
While such values have been reported for a variety of metal hydrides,47,60-62 data are not 
available for the entire series, CpRMo(PMe3)3-x(CO)xH.  As an example, the kinetic 
hydricity of CpMo(PMe3)(CO)2H towards [Ph3C][BF4] is greater than that of 
CpMo(CO)3H by a factor of ca. 104,60 which is in line with the expectation that replacing 
a CO ligand with PMe3 would be anticipated to render a compound more hydridic.63  
However, as discussed above, replacing a CO ligand with PMe3 is also projected to 
increase the pKB.  Therefore, it is difficult to predict which catalyst will be most 




Scheme 8.  Possible origin of the selectivity of disproportionation vs. dehydrogenation 
of formic acid. 
 
To further explore the relative basicities and hydricities of the catalysts, DFT 
calculations were performed on the Cp series of compounds.  Relative basicity was 
defined by the difference in energy (ESCF) between CpMo(PMe3)3-x(CO)xH and 
[CpMo(PMe3)3-x(CO)xH2]+, while relative hydricity was defined by the difference in 
energy (ESCF) between CpMo(PMe3)3-x(CO)xH and [CpMo(PMe3)3-x(CO)x]+.  These 
values, relative to those for the tricarbonyl compounds, CpMo(CO)3H, are listed in 
Table 6.  For example, CpMo(PMe3)2(CO)H is 46.2 kcal mol-1 more basic than 
CpMo(CO)3H, but only 42.7 kcal mol-1 more hydridic.  Therefore, it is reasonable that 
CpMo(CO)3H is more selective for the pathway requiring hydride transfer than that 
requiring protonation, in comparison to CpMo(PMe3)2(CO)H. 
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Table 6.  Basicities and hydricities (kcal mol-1) of CpMo(PMe3)3-x(CO)xH (x = 0, 1, 2, 3), 






CpMo(CO)3H 0.0 0.0 
CpMo(PMe3)(CO)2H -24.0 -22.5 
CpMo(PMe3)2(CO)H -46.2 -42.7 
CpMo(PMe3)3H -71.2 –57.1 
(a) Relative basicity was defined by the difference in energy (ESCF) between 
CpMo(PMe3)3-x(CO)xH and [CpMo(PMe3)3-x(CO)xH2]+ 
(b) Relative hydricity was defined by the difference in energy (ESCF) between 
CpMo(PMe3)3-x(CO)xH and [CpMo(PMe3)3-x(CO)x]+ 
 
The fact that the relative number of PMe3 ligands affects the basicity and hydricity of 
the Mo hydride catalyst, along with the observation that the oxidation potentials of the 
CpMo(PMe3)3-x(CO)xH/[CpMo(PMe3)3-x(CO)xH]+ couples span a range of ca. 2 V,40 
suggests that these ligands have a significant electronic effect.64  Conversely, structural 
characterization of the series CpMo(PMe3)3-x(CO)xH (x = 1, 2, 3) reveals that these 
ligands have almost no structural effect (vide supra).  Thus, both the activity and the 
selectivity of these catalysts is due largely to electronics.  Additionally, the activity and 
selectivity appear to be related.  The tricarbonyl compounds, CpRMo(CO)3H, which 
require elevated temperatures to catalyze formic acid dehydrogenation because they are 
difficult to protonate, are the most selective for disproportionation.  In contrast, 
CpRMo(PMe3)2(CO)H, which are excellent dehydrogenation catalysts, have low 
selectivities for disproportionation.  These results, along with the DFT trends listed in 
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Table 6, tentatively suggest that increasing the number of PMe3 ligands relative to CO 
increases the basicity, i.e. the dehydrogenation efficacy, more than the hydricity, i.e. the 
ability to catalyze disproportionation.  Therefore, CpRMo(CO)3H are the best catalysts 




1.3.5 Transfer Hydrogenation of Aldehydes and Ketones using Formic Acid 
Since formic acid is able to transfer hydrogen to itself in the disproportionation reaction, 
we explored whether would be able to transfer hydrogen to other substrates.  
Hydrogenation reactions have long been of interest; in particular, transfer 
hydrogenation65,66 has been investigated in recent years because such reactions do not 
require the use of H2.65  Isopropyl alcohol is often used as the hydrogen source, but 
disadvantages of this approach include the fact that (i) commercial synthesis of 
isopropyl alcohol requires propene,67 and that (ii) reactions are reversible, requiring 
isopropyl alcohol to be used as the solvent to drive the reaction forward.65  Formic acid 
is another appealing hydrogen source for transfer hydrogenation since it is available 
from renewable sources and releases CO2, making the reaction essentially irreversible.65  
However, catalysts that have been used for transfer hydrogenation reactions with 
formic acid have generally contained precious metals such as Ru, Rh, Pd and Ir.68-70  
There are few reports of catalysts containing other metals, and none employing Mo.71   
 
Therefore, it is noteworthy that the series CpMo(PMe3)3-x(CO)xH (x = 1, 2, 3) is able to 
effect the transfer hydrogenation of acetone to isopropyl alcohol using formic acid as 
the hydrogen source,72 as illustrated in Scheme 9.  The selectivities73 for each of these 
catalysts for transfer hydrogenation relative to disproportionation and dehydrogenation 
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Scheme 9.  Ionic hydrogenation of carbonyl compounds. 
 
Table 7.  Selectivity73 for transfer hydrogenation of acetone with formic acid by 
CpMo(PMe3)3-x(CO)xH at 100˚C.a 
 




(a)  [CpMo(CO)3H] = 0.016 M, [HCO2H]initial = [MeCOMe]initial = 0.39 M, C6D6, values at 
100% conversion. 
 
Since CpMo(CO)3H was the best transfer hydrogenation catalyst in terms of its 
selectivity, its reactivity was explored further.  The full scope of substrates catalyzed 
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by CpMo(CO)3H is given in Table 8.  Similar to the esterification observed between 
methanol and formic acid, formate esters of the hydrogenation products are observed 
for some of the reactions.74,75  For example, PriCHO is reduced to BuiOH and HCO2Bui 
(3:1) with an overall selectivity of 32%. 
 
Table 8.  Selectivity73 for transfer hydrogenation of carbonyl compounds with formic 
acid by CpMo(CO)3H at 100˚C.a 
 








(a)  [CpMo(CO)3H] = 0.016 M, [HCO2H]initial = [RCOR’]initial = 0.39 M, C6D6, values at 
100% conversion. 
(b)  [CpMo(CO)3H] = 0.016 M, [HCO2H]initial = 0.39 M, [MeCHO]initial = 1.3 M, C6D6, 
value at 100% conversion. 
(c)  Selectivities are the average of two runs. 
 
1.4 Catalyst Decomposition Pathways 
As discussed above, CpRMo(CO)3H (CpR = C5H5, C5Me5) are thought to be less effective 
catalysts for formic acid dehydrogenation relative to CpRMo(PMe3)2(CO)H primarily 
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due to electronic effects governed by the number of PMe3 vs. CO ligands.  However, 
the stability of the catalysts could also be playing a role.  While CpRMo(PMe3)2(CO)H 
remained at the same concentration throughout the entire reaction, only ca. 80% of 
CpRMo(PMe3)(CO)2H and ca. 40% of CpRMo(CO)3H remained present in solution as the 
reaction proceeded.  Additionally, the concentrations of CpMo(CO)3H and 
Cp*Mo(CO)3H fluctuated over time.  Thus, it was desired to determine the origin of 
the instability of the tricarbonyl catalysts. 
 
1.4.1 Dimerization of CpRMo(CO)3H 
One possible reason for the instability of CpMo(CO)3H is the well-known dimerization 
reaction in which [CpMo(CO)3]2 is formed with concomitant loss of H2 (Scheme 10).76  
In fact, [CpMo(CO)3]2 and H2 are the thermodynamically favored species compared to 
CpMo(CO)3H.77  Supporting this idea, [CpMo(CO)3]2 is observed in the 1H NMR 
spectra for catalytic reactions with CpMo(CO)3H ( 4.69).78,79  Also confirming its 
formation, crystals of [CpMo(CO)3]2 are deposited on the side of the NMR tube.80 
 
 
Scheme 10.  Dimerization reaction of CpMo(CO)3H. 
 
To investigate whether [CpMo(CO)3]2 could serve as a catalyst, H13CO2H was added to 
a benzene solution containing only [CpMo(CO)3]2 and the mixture was heated to 100˚C.  
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Although H2 and 13CO2 were released, a significant amount of CpMo(CO)3H also 
formed after several hours.  Since CpMo(CO)3H is itself a catalyst, we cannot say 
whether [CpMo(CO)3]2 is part of a catalytic dehydrogenation cycle that produces the 
observed H2 and 13CO2, or whether it simply acts as a precatalyst, forming 
CpMo(CO)3H. 
 
1.4.2 Structures of [CpRMo(-O)(-O2CH)]2 
[CpMo(CO)3]2 is not the only crystalline species deposited during the course of the 
reaction; a formate-oxo dimer, namely [CpMo(-O)(-O2CH)]2, is also observed on the 
side of the NMR tube (Figure 12).  An analogous compound, [Cp*Mo(-O)(-
O2CMe)]2, was previously characterized by X-ray diffraction and is isostructural to 
[CpMo(-O)(-O2CH)]2.81    
 
 
Figure 12.  Molecular structure of [CpMo(-O)(-O2CH)]2 (Cp hydrogen atoms 
omitted for clarity). 
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Similarly, crystals of [Cp*Mo(-O)(-O2CH)]2 deposited out of solution during formic 
acid catalysis by Cp*Mo(CO)3H (Figure 13).  In fact, when more formic is added to the 
reaction mixture after catalysis is complete and the solution is heated again, most of the 
Cp*Mo(CO)3H converts to the formate-oxo dimer. 
 
 
Figure 13.  Molecular structure of [Cp*Mo(-O)(-O2CH)]2 (Cp* hydrogen atoms 
omitted for clarity). 
 
1.4.3 Synthesis and Reactivity of [CpMo(-O)(-O2CH)]2 
Since much of the CpRMo(CO)3H catalyst becomes sequestered as [CpRMo(-O)(-
O2CMe)]2, we wanted to investigate whether the formate-oxo dimers could serve as 
catalysts themselves.  [CpMo(-O)(-O2CH)]2 was independently synthesized 
following a procedure similar to that for [Cp*Mo(-O)(-O2CMe)]2.81  The procedure, 
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displayed in Scheme 11, involved the Zn-based reduction of [CpMoO2]2 in the presence 
of formic acid.  
 
 
Scheme 11.  Synthesis of [CpMo(-O)(-O2CH)]2. 
 
[CpMo(-O)(-O2CH)]2 was then tested for its reactivity towards formic acid.  
H13CO2H was added to a solution of the formate-oxo dimer in benzene, and the mixture 
was heated to 100˚C.  [CpMo(-O)(-O213CH)]2 was observed in the NMR spectra, but 
there was no H2 or 13CO2.  Thus, while this formate-oxo dimer will undergo exchange 
with formic acid, it will not act as a catalyst for dehydrogenation. 
 
1.5 Synthesis, Structure, and Reactivity of CpW(PMe3)3-x(CO)xH 
Since CpMo(PMe3)3-x(CO)xH (x = 1, 2, 3) displayed such interesting reactivity towards 
formic acid, we wanted to investigate the ability of the analogous W series, namely 
CpW(PMe3)3-x(CO)xH (x = 1, 2, 3), to effect formic acid dehydrogenation and 
disproportionation.  The ability of CpW(CO)3H to transfer a hydride ligand for ionic 
hydrogenation45a,82,83 makes it particularly promising as a disproportionation catalyst. 
 
1.5.1 Synthesis of CpW(PMe3)3-x(CO)xH compounds 
CpW(CO)3H was synthesized by the literature procedure in which NaCp is added to 
W(CO)6 and the resulting [CpW(CO)3]- complex is protonated, which is similar to that 
for CpMo(CO)3H (Scheme 2).25  CpW(PMe3)(CO)2H was also synthesized by the 
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analogous literature preparation for CpMo(PMe3)(CO)2H (Scheme 3).26a,b,84  As with 
CpMo(PMe3)(CO)2H, both the cis and trans isomers are present in solution.84   
 
The synthesis for CpW(PMe3)2(CO)2H is less well developed, though the compound has 
been reported before.26b  Here, it was synthesized via the application of UV light ( = 
350 nm) to CpW(CO)3H in the presence of excess PMe3.  The procedure is again 
analogous to that for the Mo counterpart (Scheme 4); however, a longer reaction time 
was required (72 hours). 
 
1.5.2 Structure of CpW(PMe3)2(CO)H 
Since the structures of both CpW(CO)3H25d and CpW(PMe3)(CO)2H85 are already 
known, CpW(PMe3)2(CO)H was also structurally characterized for comparison (Figure 
14).  Selected bond lengths and angles for these and other CpRWL3H (L = CO, PR’3) 
compounds are given in Table 9.86,87,88  As observed for the analogous Mo series, 
namely CpMo(PMe3)3-x(CO)xH (x = 1, 2, 3), the three W compounds are structurally 
similar.  The cis-L-W-L (L = CO, PMe3) bond angles (Figure 3) fall within a narrow 
range of 78.78˚ to 80.46˚.  However, the cis-L-W-H angles span a larger range, from 
61.38˚ to 74.96˚.  This trend holds true for all CpRWL3H compounds; while the cis-L-W-
L angles span only from 77.63˚ to 84.28˚, the cis-L-W-H angles vary widely, from 49.03˚ 
to 77.02˚.  Though it is possible this increased variation in structural parameters could 
be due to differences between Mo and W, it could also be due to the fact that hydrogen 
atoms near electron-dense W are difficult to locate in X-ray structure determinations 
and, therefore, that the hydride ligand positions are less reliable for the W compounds.  
For example, the reported W-H bond length for CpW(PMe3)(CO)2H is 1.297 Å, much 




Figure 14.  Molecular structure of CpW(PMe3)2(CO)H (hydrogen atoms bound to 




Table 9.  Key bond lengths and angles for CpRWL3H compounds (L = CO, PR’3). 
 
Compound L1-W-L2 /˚ L2-W-L3 /˚ L1-W-L3 /˚ L1-W-H /˚ L2-W-H /˚ L3-W-H /˚ W-H /Å Ref 
CpW(CO)3H 80.09 79.94 105.04 61.38 125.29 74.96 1.610 25d 
CpO2CHW(CO)3Ha 78.63 79.68 105.14 - - - - 86 
CpSiW(CO)3Hb - - - - - - - 87 
CpBzW(CO)3H 81.14 81.14 106.31 66.33 123.26 66.50 1.704 33 
CpW(PMe3)(CO)2H  78.80 78.78 109.72 71.98 117.09 61.82 1.297 85 
CpW(PH(OH)But)(CO)2 84.28 79.18 111.60 58.60 117.56 72.30 1.668 88 
CpW(PTA)(CO)2H 84.10 81.15 102.84 62.49 129.18 71.43 1.657 86 
CpBzW(PMe3)(CO)2H  83.68 77.63 96.99 49.03 121.75 77.22 1.711 36 
CpW(PMe3)2(CO)H  80.35 80.46 116.26 65.98 107.78 63.58 1.682 this 
work 
(a)  The hydride ligand was not located. 
(b)  The structure displayed full molecule disorder
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1.5.3 Reactivity of CpW(PMe3)3-x(CO)xH 
While CpW(CO)3H was able to catalyze both the disproportionation and 
dehydrogenation reactions, eleven days of heating at 100˚C were required to produce 
trace amounts of hydrogen and methyl formate.  CpW(PMe3)(CO)2H was able to 
convert all of the formic acid present to hydrogen, carbon dioxide and methyl formate, 
but three and a half weeks of heating at 100˚C were required.  In contrast, 
CpW(PMe3)2(CO)H was able to dehydrogenate all formic acid after only one day of 
heating at 100˚C.89  However, no catalysis was observed at room temperature, unlike 
with CpMo(PMe3)2(CO)H.  Clearly, the W catalysts are not as effective as their Mo 
counterparts. 
 
This trend is somewhat surprising based on examination of the acidities of known 
cyclopentadienyl Mo and W hydrides.  Though the pKa values are not known for 
[CpW(CO)3H2]+ and [CpMo(CO)3H2]+, the values for the corresponding neutral 
hydrides, namely CpW(CO)3H and CpMo(CO)3H, are known.  CpMo(CO)3H is more 
acidic than CpW(CO)3H by approximately 2 orders of magnitude (pKa = 13.9 vs. 16.1),90 
which indicates that [CpW(CO)3]- is more basic than [CpMo(CO)3]-.   If this trend 
holds true for the dihydride cations, CpW(CO)3H would be expected to be more basic 
than CpMo(CO)3H and, therefore, more susceptible to protonation by formic acid.  
DFT calculations support this trend (Table 10).  For example, CpW(CO)3H is indeed 5.3 
kcal mol-1 more basic than CpMo(CO)3H. 
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Table 10.  Basicitiesa (kcal mol-1) of CpM(PMe3)3-x(CO)xH (M = Mo, W; x = 0, 1, 2, 3), 
relative to those for CpMo(CO)3H. 
 
Catalyst M = Mo M = W 
CpM(CO)3H 0.0 -5.3 
CpM(PMe3)(CO)2H -24.0 -30.7 
CpM(PMe3)2(CO)H -46.2 -54.3 
CpM(PMe3)3H -71.2 –80.0 
(a) Relative basicity was defined by the difference in energy (ESCF) between 
CpM(PMe3)3-x(CO)xH and [CpM(PMe3)3-x(CO)xH2]+ 
 
 
Since CpW(CO)3H is more basic than CpMo(CO)3H but a less effective catalyst for 
formic acid dehydrogenation, the decarboxylation step was explored with DFT 
calculations.  A possible transition state for the decarboxylation was identified and is 
shown in Figure 15.  As with the Mo analogue, an intrinsic reaction coordinate 
calculation confirms that the transition state can lead to either distal CpW(CO)3(O2CH) 
or CpW(CO)3H and CO2.  However, whereas the proposed transition state is only 25.9 
kcal mol-1 higher in energy than the distal isomer for the Mo system, the proposed 
transition state is 29.0 kcal mol-1 higher in energy for W (ESCF).  Therefore, it is 
plausible that formic acid dehydrogenation by CpW(CO)3H is slower than 
dehydrogenation by CpMo(CO)3H due to the fact that decarboxylation is less facile for 




Figure 15.  Possible transition state for the decarboxylation of CpW(CO)3(O2CH) to 
form CpW(CO)3H and CO2 (Cp hydrogen atoms omitted for clarity). 
 
1.6 Summary and Conclusions 
Compounds of the type CpRMo(PMe3)3-x(CO)xH (CpR = C5H5, C5Me5; x = 0, 1, 2, 3) have 
been investigated as catalysts for dehydrogenation, disproportionation and transfer 
hydrogenation reactions with formic acid.  The mechanism for dehydrogenation is 
thought to proceed by (i) protonation of the metal hydride, (ii) release of hydrogen and 
coordination of formate and (iii) decarboxylation of the formate ligand to regenerate the 
metal hydride; this mechanism is supported by both experimental and computational 
evidence.  Disproportionation and transfer hydrogenation are proposed to occur via 
ionic hydrogenation pathways.  The hybrid compounds, CpRMo(PMe3)2(CO)H (CpR = 
C5H5, C5Me5), were the most effective for dehydrogenation, while the tricarbonyl 
catalysts, CpRMo(CO)3H (CpR = C5H5, C5Me5) were the most effective for 
disproportionation and transfer hydrogenation.  The analogous W compounds, 
CpW(PMe3)3-x(CO)xH (x = 1, 2, 3), were also explored and found to be less effective than 
their Mo counterparts.  Additionally, compounds in the series CpM(PMe3)3-x(CO)xH 
(M = Mo, W; x = 1, 2, 3) were characterized by X-ray diffraction.  These compounds are 
essentially isostructural, suggesting that differences in reactivity are due to electronic 
effects. 
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1.7 Experimental Details 
1.7.1 General Considerations 
All manipulations were performed using a combination of glovebox, high vacuum and 
Schlenk techniques under a nitrogen or argon atmosphere.92 Solvents were purified 
and degassed by standard procedures.  NMR spectra were measured on Bruker 300 
DRX, Bruker 400 DRX, and Bruker Avance 500 DMX spectrometers.  1H NMR spectra 
are reported in ppm relative to SiMe4 ( = 0) and were referenced internally with 
respect to the protio solvent impurity ( = 7.16 for C6D5H,  = 2.08 for C7D7H and  = 
1.94 for CD2HCN).93  When required for quantitative integration, 1H NMR spectra 
were acquired with an extended d1 of 60 s and mesitylene was used as an internal 
standard.  13C NMR spectra are reported in ppm relative to SiMe4 ( = 0) and were 
referenced internally with respect to the solvent ( = 128.06 for C6D6 and  = 118.26 for 
CD3CN).93  31P NMR chemical shifts are reported in ppm relative to 85% H3PO4 ( = 0) 
and were referenced externally using (MeO)3P ( = 141.0).94  Coupling constants are 
reported in hertz.  Infrared spectra were recorded on a Nicolet iS10 spectrometer and a 
Perkin Elmer Spectrum Two spectrometer, and are reported in reciprocal centimeters.  
NaCp,95 CpMo(CO)3H,25 CpMo(PMe3)(CO)2H,26 CpMo(PMe3)2(CO)H,26b 
CpMo(PMe3)3H,28a Mo(PMe3)6,96 Cp*Mo(CO)3H,30 Cp*Mo(PMe3)(CO)2H,29 
Cp*Mo(PMe3)2(CO)H20,26b, [CpMoO2]2,97 CpW(CO)3H,25 CpW(PMe3)(CO)2H,26a,b,84 
CpW(PMe3)2(CO)H26b and [CpMo(CO)3]276 have been reported and were prepared by 
the literature methods or modifications thereof, as described below.  Other chemicals 
were obtained from Sigma-Aldrich [Mo(CO)6, PMe3, zinc, formic acid, mesitylene, 1.0 M 
HCl in Et2O, PriC(O)Me, ButC(O)Me, PhC(O)Me and Ph2CO], Acros Organics [MeCHO 
and PriCHO], Fisher [MeC(O)Me], Alfa Aesar [dicyclopentadiene, TfOH], Cambridge 
Isotope Laboratories [H13CO2H, DCO2D and D2] and TechAir [H2 and CO2], and used as 
supplied. 
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1.7.2 X-ray Structure Determinations 
X-ray diffraction data were collected on a Bruker Apex II diffractometer.  Crystal data, 
data collection and refinement parameters are summarized in Table 11.  The structures 
were solved using direct methods and standard difference map techniques, and were 
refined by full-matrix least-squares procedures on F2 with SHELXTL (Versions 2008/4 
and 2014/7).98 
 
1.7.3 Computational Details 
Calculations were carried out using DFT as implemented in the Jaguar 8.9 (release 15) 
suite of ab initio quantum chemistry programs.99  Geometry optimizations were 
performed with the B3LYP density functional using the 6-31G**++ (H, C, O) and 
LACVP (Mo, W) basis sets, which were also used to determine Gibbs free energy values 
at 1 atm and 298.15 K as well as intrinsic reaction coordinates for the transition states.  
The energies of the optimized structures in the gas phase were also re-evaluated by 
additional single point calculations on each optimized geometry using the 
cc-pVTZ(-f)++ correlation consistent triple- (H, C, O) and LAV3P (Mo, W) basis sets.  
Cartesian coordinates and energies of the geometry optimized structures are provided 
in Tables 12-40. 
 
1.7.4 Synthesis of CpMo(CO)3H 
CpMo(CO)3H was prepared by using modified literature methods.25   
1.  Synthesis using acetic acid 
A suspension of Mo(CO)6 (5.00 g, 18.9 mmol) and NaCp (2.00 g, 22.7 mmol) in THF (ca. 
60 mL) was refluxed overnight, thereby resulting in the formation of a clear brown 
solution.  The volatile components were removed in vacuo to give a tan solid, which 
was treated with a degassed aqueous solution of NaOH (25 mL of 0.50 M), resulting in a 
43 
cloudy brown suspension.  The mixture was filtered and the filtrate was treated with 
degassed aqueous acetic acid (20 mL of 2.0 M), resulting in the immediate formation of 
a pale yellow precipitate, which was isolated by filtration and dried in vacuo to give 
CpMo(CO)3H as a pink microcrystalline solid (4.24 g, 91% yield).  1H NMR 
(C6D6): -5.47 [s, 1H, CpMo(CO)3H], 4.56 [s, 5H, (C5H5)Mo(CO)3H].100 
 
2.  Synthesis using formic acid 
A suspension of Mo(CO)6 (5.00 g, 18.9 mmol) and NaCp (2.00 g, 22.7 mmol) in THF (ca. 
60 mL) was refluxed overnight, thereby resulting in the formation of a clear brown 
solution.  The volatile components were removed in vacuo to give a tan solid, which 
was treated with a degassed aqueous solution of NaOH (25 mL of 0.50 M), resulting in a 
cloudy brown suspension.  The mixture was filtered and the filtrate was treated with 
degassed aqueous formic acid (20 mL of 2.0 M), resulting in the immediate formation of 
a pale yellow precipitate, which was isolated by filtration and dried in vacuo to give 
CpMo(CO)3H as a pink microcrystalline solid (3.75 g, 81% yield). 
 
1.7.5 Synthesis of CpMo(PMe3)(CO)2H  
CpMo(PMe3)(CO)2H was prepared by using a modified literature method.26  A 
solution of CpMo(CO)3H (120 mg, 0.49 mmol) in benzene (ca. 1 mL) was cooled to 
-196˚C and treated with PMe3 (0.50 mL, 4.8 mmol) via vapor transfer.  The mixture was 
allowed to warm to room temperature, resulting in a bright yellow solution.  The 
solution was filtered to remove a small amount of tan precipitate, and the filtrate was 
lyophilized to give CpMo(PMe3)(CO)2H as a yellow powder (97 mg, 68% yield).  
Yellow crystals suitable for X-ray diffraction were obtained via slow evaporation of a 4:1 
pentane:benzene solution.  Anal. calcd. for CpMo(PMe3)(CO)2H: C, 40.8%; H, 5.1%. 
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Found: C, 40.7%; H, 4.9%. 1H NMR (C6D6): -5.89 [br, 1H, CpMo(PMe3)(CO)2H], 1.02 [d, 
9H, CpMo(P(CH3)3)(CO)2H, 2JP-H = 9], 4.77 [s, 5H, (C5H5)Mo(PMe3)(CO)2H]. 
 
1.7.6 Synthesis of CpMo(PMe3)2(CO)H  
CpMo(PMe3)2(CO)H was prepared by using a modified literature method.26b  A 
solution of CpMo(CO)3H (100 mg, 0.406 mmol) in benzene (ca. 1 mL) was cooled 
to -196˚C and treated with PMe3 (0.15 mL, 1.5 mmol) via vapor transfer.  The mixture 
was allowed to warm to room temperature, resulting in a bright yellow solution and the 
formation of CpMo(PMe3)(CO)2H.  The solution was degassed via one freeze-pump-
thaw cycle to remove excess CO and was then irradiated (350 nm) for ca. 30 hours, with 
occasional degassing via freeze-pump-thaw cycles.  The mixture was filtered,27 and the 
filtrate was lyophilized to give CpMo(PMe3)2(CO)H as a yellow powder (41 mg, 29% 
yield).  Yellow crystals suitable for X-ray diffraction were obtained via vapor diffusion 
of pentane into a benzene solution.  Anal. calcd. for CpMo(PMe3)2(CO)H: C, 42.1%; H, 
7.1%. Found: C, 41.8%; H, 6.7%.  1H NMR (C6D6): -6.93 [t, 1H, CpMo(PMe3)2(CO)H, 2JP-
H = 74], 1.28 [d, 18H, CpMo(P(CH3)3)2(CO)H, 2JP-H = 9], 4.87 [s, 5H, 
(C5H5)Mo(PMe3)2(CO)H].  13C{1H} NMR (C6D6): 26.20 [d, CpMo(P(CH3)3)2(CO)H, 1JP-C 
= 30], 87.53 [s, (C5H5)Mo(PMe3)2(CO)H], 248.53 [t, CpMo(PMe3)2(CO)H, 2JP-C = 27].  
31P{1H} NMR (C6D6): 32.94 [s, CpMo(PMe3)2(CO)H]. 
 
1.7.7 Synthesis of CpMo(PMe3)3H  
CpMo(PMe3)3H was prepared by using a modified literature procedure.28a  A solution 
of freshly distilled CpH (20 L, 0.24 mmol) in benzene (0.7 mL) was treated with 
Mo(PMe3)6 (50 mg, 0.091 mmol) and heated at 80˚C for four hours in a sealed tube.  
After this period, the dark yellow suspension was lyophilized.  The residue obtained 
was extracted into benzene (ca. 0.7 mL), and the extract was lyophilized to give 
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CpMo(PMe3)3H as a yellow powder (24 mg, 69%).  1H NMR (C6D6): -8.36 [q, 1H, 
CpMo(PMe3)3H, 2JP-H = 52], 1.29 [filled in d, 27H, CpMo(P(CH3)3)3H, 2JP-H = 6], 4.47 [s, 
5H, (C5H5)Mo(PMe3)3H].28a 
 
1.7.8 Synthesis of Cp*Mo(PMe3)2(CO)H  
Cp*Mo(PMe3)2(CO)H was prepared by using a modified literature procedure.26b  A 
solution of Cp*Mo(CO)3H (32 mg, 0.10 mmol) in benzene (ca. 1 mL) was cooled 
to -196˚C and treated with PMe3 (0.10 mL, 1.0 mmol) via vapor transfer. The mixture 
was allowed to warm to room temperature and degassed via a freeze-pump-thaw cycle.  
The mixture was irradiated (350 nm) for ca. 25 hours, with occasional degassing via 
freeze-pump-thaw cycles.  After this period, the mixture was filtered to remove a tan 
precipitate, and the filtrate was lyophilized.  The residue obtained was triturated with 
pentane and dried in vacuo to give Cp*Mo(PMe3)2(CO)H as a brown solid (28 mg, 67% 
yield). 1H NMR(C6D6): -6.84 [t, 1H, Cp*Mo(PMe3)2(CO)H, 2JP-H = 78], 1.32 [d, 18H, 
Cp*Mo(P(CH3)3)2(CO)H, 2JP-H = 8], 1.91 [s, 15H, (C5(CH3)5)Mo(PMe3)2(CO)H]. 
 
1.7.9 Synthesis of [CpMo(-O)(-O2CH)]2  
1. Synthesis from [CpMoO2]2 
A solution of formic acid (ca. 0.4 mL, 10 mmol) in MeOH/H2O (1:1 by volume, 8.0 mL) 
was transferred slowly via cannula to an ampoule containing [CpMoO2]2 (63 mg, 0.163 
mmol) and zinc (639 mg, 9.78 mmol).  The grey-brown slurry was stirred under N2 for 
four days.  The mixture was filtered via cannula, and the volatile components of the 
blue-green filtrate were removed in vacuo to afford a dark green powder.  The solid 
was extracted with CHCl3 (2 × 1 mL), and the volatile components were again removed 
in vacuo to produce the final product as a dark greenish-blue powder (7 mg, 11% yield). 
Anal. calcd. for [CpMoO(O2CH)]2: C, 32.45%; H, 2.72%.  Found: C, 32.33%; H, 2.58%.  
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1H NMR (CDCl3): 6.68 [s, 10H, [(C5H5)MoO(O2CH)]2], 7.98 [s, 2H, [CpMoO(O2CH)]2].IR 
(cm-1): 3120 (w), 3055 (w), 2952 (w), 2921 (w), 2856 (w), 1694 (w), 1633 (w), 1574 (w), 
1545 (s), 1427 (m), 1345 (s), 1260 (w), 1113 (w), 1011 (m), 813 (s), 780 (m), 769 (m), 711 
(m), 664 (s).  
 
2. Synthesis from CpMo(CO)3H 
CpMo(CO)3H (5.0 mg, 0.020 mmol) was added to a solution of formic acid (7.7 L, 0.20 
mmol) in C6D6 (ca. 0.7 mL).  The sample was heated to 100˚C and monitored by 1H 
NMR spectroscopy.  After a period of eight days, all formic acid was consumed and 
hydrogen, methanol, methyl formate, CpMo(CO)3H and [CpMo(CO)3]2101 were 
observed by 1H NMR spectroscopy, while blue-red dichroic crystals of [CpMo(-O)(-
O2CH)]2 were deposited on the side of the tube.  An additional aliquot of formic acid 
(7.7 L, 0.20 mmol) was added and the sample was heated to 100˚C for one day, after 
which period crystals of [CpMo(-O)(-O2CH)]2 suitable for X-ray diffraction were 
isolated. 
 
1.7.10 Synthesis of [Cp*Mo(-O)(-O2CH)]2  
Formic acid (10 L, 0.27 mmol) was added to a brown solution of Cp*Mo(CO)3H (10 
mg, 0.032 mmol) in C6D6 (ca. 0.7 mL).  The mixture was heated to 100˚C, and the 
reaction was monitored by 1H NMR spectroscopy.  After a period of five days, all 
formic acid was consumed and hydrogen, methanol, methyl formate, Cp*Mo(CO)3H, 
[Cp*Mo(CO)3]2102 and [Cp*Mo(-O)(-O2CH)]2 were observed by 1H NMR 
spectroscopy.  Another aliquot of formic acid (10 L, 0.27 mmol) was added, and the 
mixture was again heated to 100˚C until the formic acid was consumed.  This 
procedure was repeated over a period of 21 days with three total aliquots of formic acid, 
until the predominant species in the blue-green solution was [Cp*Mo(-O)(-O2CH)]2.  
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The mixture was lyophilized to produce the final product as a blue-green powder (2 
mg, 22% yield).  Blue-orange dichroic crystals suitable for X-ray diffraction were 
obtained via slow evaporation of a benzene solution.  Anal. calcd. for 
[Cp*MoO(O2CH)]2: C, 45.22%; H, 5.52%.  Found: C, 45.03%; H, 5.24%.  1H NMR 
(C6D6): 1.82 [s, 30H, [(C5Me5)Mo(-O)(-O2CH)]2], 7.77 [s, 2H, [(C5Me5)Mo(-O)(-
O2CH)]2].  13C{1H} NMR (C6D6): 9.88 [s, 10C, [(C5Me5)Mo(-O)(-O2CH)]2], 114.44 [s, 
10C, [(C5Me5)Mo(-O)(-O2CH)]2], 164.13 [s, 2C, [(C5Me5)Mo(-O)(-O2CH)]2].  IR (cm-
1): 2914 (w), 2852 (w), 2031 (w), 1949 (w), 1724 (w), 1660 (w), 1556 (s), 1483 (w), 1447 (w), 
1375 (m), 1345 (s), 1261 (m), 1096 (m), 1023 (m), 801 (m), 777 (m), 709 (w), 665 (m), 623 
(w), 591 (w), 470 (w), 442 (m), 424 (m). 
 
1.7.11 Synthesis of CpW(PMe3)2(CO)H  
CpW(PMe3)2(CO)H was prepared by using a modified literature method.26b  A 
solution of CpW(CO)3H (101 mg, 0.302 mmol) in benzene (ca. 1 mL) was cooled 
to -196˚C and treated with PMe3 (0.10 mL, 1.0 mmol) via vapor transfer.  The mixture 
was allowed to warm to room temperature, resulting in a bright yellow solution and the 
formation of CpW(PMe3)(CO)2H.  The solution was degassed via one freeze-pump-
thaw cycle to remove excess CO and was then irradiated (350 nm) for ca. 72 hours, with 
occasional degassing via freeze-pump-thaw cycles.  The mixture was filtered, and the 
filtrate was lyophilized to give CpW(PMe3)2(CO)H as a yellow powder (43 mg, 33% 
yield).  Anal. calcd. for CpW(PMe3)2(CO)H: C, 33.5%; H, 5.6%.  Found: C, 33.3%; H, 
5.4%.  1H NMR (C6D6): -7.92 [t, 1H, CpW(PMe3)2(CO)H, 2JP-H = 68], 1.43 [d, 18H, 
CpW(P(CH3)3)2(CO)H, 2JP-H = 9], 4.84 [s, 5H, (C5H5)W(PMe3)2(CO)H].  13C{1H} NMR 
(C6D6): 27.11 [d, CpW(P(CH3)3)2(CO)H, 1JP-C = 34], 85.45 [s, (C5H5)W(PMe3)2(CO)H], 
240.61 [t, CpW(PMe3)2(CO)H, 2JP-C = 21].  31P{1H} NMR (C6D6): -8.39 [s, 
CpW(PMe3)2(CO)H]. 
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1.7.12 Reactivity of CpMo(PMe3)2(CO)H towards Formic Acid 
1. Formation of CpMo(PMe3)2(CO)(O2CH) in Benzene  
A yellow solution of CpMo(PMe3)2(CO)H (3 mg, 0.009 mmol) in C6D6 (ca. 0.7 mL) was 
treated with an excess of formic acid (0.4 mmol).  The solution immediately turned 
darker yellow, indicating complete conversion to CpMo(PMe3)2(CO)(O2CH), as 
identified by 1H, 13C and 31P NMR spectroscopies.  1H NMR (C6D6): 1.00 [filled in d, 
18H, CpMo(CO)(P(CH3)3)2(O2CH), 2JP-H = 9], 4.73 [s, 5H, (C5H5)Mo(PMe3)2(CO)(O2CH)], 
8.30 [t, 1H, CpMo(PMe3)2(CO)(O2CH), 4JP-H = 2].  Note: the chemical shift of (O2CH) 
varies slightly (ca.  8.3 – 8.6) with concentration.  13C{1H} NMR (C6D6): 16.59 [m, 
CpMo(CO)(P(CH3)3)2(O2CH)], 90.74 [s, (C5H5)Mo(PMe3)2(CO)(O2CH)], 174.20 [s, 
CpMo(PMe3)2(CO)(O2CH)], 261.01 [t, CpMo(PMe3)2(CO)(O2CH), 2JP-C = 30]. 31P{1H} 
NMR (C6D6): 20.96 [s, CpMo(PMe3)2(CO)(O2CH)].  The 13C labeled derivative 




Figure 16.  The 1H NMR signal for 13C enriched formate ligand of 
CpMo(PMe3)2(CO)(O213CH), which exhibits coupling to both phosphorus (4JP-H = 2 Hz) 





Figure 17.  The 13C{1H} NMR signal for the PMe3 ligands of CpMo(PMe3)2(CO)(O2CH).  
The signal corresponds to an ABX spin system, and the observed spectrum can be 
simulated by ΔδPP = 0.022 ppm, 2JP-P = |25| Hz, 1JP-C = |27| Hz, and 3JP-C = 0 Hz.103 
 
2. Reactivity of CpMo(PMe3)2(CO)H towards Formic Acid in Benzene  
CpMo(PMe3)2(CO)H (3.4 mg, 0.0099 mmol) was added to a solution of formic acid in 
C6D6 (0.64 mL of 0.39 M, 0.25 mmol) containing mesitylene (0.034 M, 0.022 mmol) as an 
internal standard in an NMR tube fitted with a J. Young valve.  The resulting mixture 
was allowed to stand at room temperature and monitored via 1H NMR spectroscopy 
over a period of days.  While CpMo(PMe3)2(CO)(O2CH) was observed initially by 1H 
NMR spectroscopy at room temperature (vide supra), CpMo(PMe3)2(CO)H became the 
primary species as catalysis proceeded and the formic acid was consumed. 
 
3.  Reactivity of CpMo(PMe3)2(CO)H towards Formic Acid in Toluene at Low Temperature  
The reaction between CpMo(PMe3)2(CO)H and formic acid was also examined at low 
temperature in d8-toluene in order to provide evidence for a protonated species, 
[CpMo(PMe3)2(CO)H2]+.  A solution of CpMo(PMe3)2(CO)H (5.0 mg, 0.015 mmol) in d8-
toluene (ca. 0.7 mL) containing an excess of formic acid (0.15 mmol) in an NMR tube 
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fitted with a J. Young valve was placed in the pre-cooled (198 K) probe of an NMR 
spectrometer.  The sample was monitored by 1H NMR spectroscopy while slowly 
increasing the temperature to 300 K.  The formation of [CpMo(PMe3)2(CO)H2]+ was 
demonstrated by the observation of a triplet in the hydride region over the temperature 
range 225 – 276 K.  1H NMR (d8-toluene, 276K): –3.33 [t, 2H, [CpMo(PMe3)2(CO)H2]+, 
2JP-H = 43], 1.76 [br, 18H, [CpMo(P(CH3)3)2(CO)H2]+], 5.54 [s, 5H, 
[(C5H5)Mo(PMe3)2(CO)H2]+]. 31P{1H} NMR (d8-toluene, 276K): 8.86 [s, 
CpMo(PMe3)2(CO)H2]+].  Upon warming to room temperature, the compound loses H2 
and transforms to CpMo(PMe3)2(CO)(O2CH) (vide supra). 
 
1.7.13 Reactivity of CpMo(PMe3)3H towards Formic Acid 
1. Synthesis of [CpMo(PMe3)3H2][HCO2] in Pentane 
Formic acid (14 L, 0.37 mmol) was added to a yellow solution of CpMo(PMe3)3H (14 
mg, 0.36 mmol) in pentane (ca. 0.7 mL).  The solution immediately turned a pale tan 
color, and the solvent was removed in vacuo.  The resulting orange residue was 
triturated with THF (ca. 0.7 mL), dried in vacuo overnight and rinsed with pentane (ca. 
0.7 mL).  Further drying in vacuo gave [CpMo(PMe3)3H2][HCO2] as a yellow powder (9 
mg, 56%).  Anal. calcd. for [CpMo(PMe3)3H2][HCO2]: C, 41.3%; H, 8.1%. Found: C, 
39.9%; H, 8.1%.  1H NMR (CD3CN): –3.94 [br, 2H, [CpMo(PMe3)3H2][HCO2]], 1.48 [d, 
27H, [CpMo(P(CH3)3)3H2][HCO2], 2JP-H = 9], 4.82 [m, 5H, [(C5H5)Mo(PMe3)3H2][HCO2]], 
8.45 [s, 1H, [CpMo(PMe3)3H2][HCO2]]. 1H NMR (CD3CN, 239K):40 –5.74 [m, 1H, 
[CpMo(PMe3)3H2][HCO2], 2JP–H = 46, 2JP–H = 8 and 2JH–H = 8], –2.57 [m, 1H, 
[CpMo(PMe3)3H2][HCO2], 2JP–H = 54, 2JP–H = 49 and 2JH–H = 8], 1.43 [d, 27H, 
[CpMo(P(CH3)3)H2][HCO2], 2JP-H = 8], 4.79 [s, 5H, [(C5H5)Mo(PMe3)3H2][HCO2]], 8.42 [s, 
1H, [CpMo(PMe3)3H2][HCO2]] (coupling constants were determined by 1H{selec-1H} 
and 1H{selec-31P} decoupling experiments).  31P{1H} NMR (CD3CN): 8.96 (br).  31P{1H} 
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NMR (CD3CN, 239K): 3.51 [t, 1P, [CpMo(PMe3)3H2][HCO2], 2JP-P = 25], 10.11 [d, 2P 
[CpMo(PMe3)3H2][HCO2], 2JP-P = 25].  IR (cm-1): 3420 (w), 3091 (w), 2975 (w), 2910 (w), 
2812 (w), 1900 (w), 1796 (w), 1659 (m), 1601 (m), 1424 (m), 1395 (m), 1307 (m), 1287 (m), 
1195 (m), 1104 (m), 1001 (m), 940 (s), 851 (m), 816 (m), 749 (m), 719 (m), 671 (s), 606 (m), 
562 (m).   
 
 
Figure 18.  1H NMR spectrum for [CpMo(PMe3)3H2][HCO2] in CD3CN (*) at 239K 
 
2. Reactivity of CpMo(PMe3)3H towards Formic Acid in Benzene  
Formic acid (9.4 L, 0.25 mmol) was added to a solution of CpMo(PMe3)3H (3.9 mg, 
0.010 mmol) in C6D6 (0.64 mL) containing mesitylene (3.0 L, 0.022 mmol) as an internal 
standard, and the reaction was monitored by 1H NMR spectroscopy.  The formation of 
[CpMo(PMe3)3H2][HCO2], inter alia, was observed immediately, but there was little 
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conversion of the formic acid to H2, methyl formate and methanol over a period of 
several days at room temperature.  Therefore, the mixture was heated to 100˚C, at 
which point [CpMo(PMe3)3H2][HCO2] converted rapidly to CpMo(PMe3)2(CO)H and 




Figure 19.  1H NMR spectrum of a solution of CpMo(PMe3)3H in C6D6 in the presence 
of formic acid after heating at 100˚C for 1 day, illustrating the conversion to 
CpMo(PMe3)2(CO)H and CpMo(PMe3)2(CO)(O2CH) and the catalytic formation of H2, 
HCO2Me and MeOH. 
 
1.7.14 Synthesis of [CpMo(PMe3)3H2][Cl] 
A vial containing a solution of CpMo(PMe3)3H (7.0 mg, 0.018 mmol) in THF (ca. 0.7 mL) 
was placed into a Schlenk tube.  A solution of HCl in Et2O (0.4 mL of 1.0 M, 0.4 mmol) 
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was injected into the Schlenk tube and allowed to diffuse into the vial overnight.  The 
volatile components of the reaction mixture were removed in vacuo, and the brown 
solid was washed with THF (3  0.7 mL).  The product was extracted into CH3CN (ca. 
0.7 mL), filtered and dried in vacuo.  The residue was triturated with pentane (ca. 0.7 
mL) and dried in vacuo to give [CpMo(PMe3)3H2][Cl] as a tan powder (3.0 mg, 39% 
yield). Orange crystals suitable for X-ray diffraction were obtained from a separate 
reaction in which HCl was allowed to diffuse into a solution of CpMo(PMe3)3H (12 mg, 
0.031 mmol) in THF (ca. 0.7 mL).  1H NMR (CD3CN): –3.98 [br, 2H, 
[CpMo(PMe3)3H2][Cl]], 1.49 [d, 27H, [CpMo(P(CH3)3)3H2]Cl, 2JP-H = 8], 4.83 [s, 5H, 
[(C5H5)Mo(PMe3)3H2][Cl]]. 13C{1H} NMR (CD3CN): 25.88 [d, [CpMo(P(CH3)3)3H2][Cl], 
1JP-C = 31], 86.75 [s, [(C5H5)Mo(PMe3)3H2][Cl]]. 31P{1H} NMR (CD3CN): 9.04 [br, 
[CpMo(PMe3)3H2][Cl]]. IR (cm-1): 3371 (vw), 3051 (vw), 3026 (vw), 2967 (w), 2905 (w), 
2812 (vw), 1866 (w), 1794 (w), 1716 (vw), 1644 (w), 1424 (m), 1366 (vw), 1306 (w), 1286 





Figure 20.  1H NMR spectrum of [CpMo(PMe3)3H2][Cl] in CD3CN (*).  The hydride 
signal is broad at room temperature, in accord with that of [CpMo(PMe3)3H2+][BF4].28a 
 
1.7.15 Dehydrogenation and Disproportionation of Formic Acid 
The ability of CpRMo(PMe3)3-x(CO)xH (for CpR = C5H5, x = 0, 1, 2 or 3; for CpR = C5Me5, x 
= 1, 2 or 3) to serve as catalysts for hydrogenation and disproportionation of formic acid 
was examined by NMR spectroscopy.  For example, addition of CpMo(CO)3H (3.0 mg, 
0.012 mmol) to a solution of H13CO2H in C6D6 (0.64 mL of 0.39 M, 0.25 mmol) 
containing mesitylene (0.034 M, 0.022 mmol) results in the formation of carbon dioxide, 




Figure 21.  Catalytic formation of H13CO213CH3 and 13CH3OH from H13CO2H in C6D6 
(*) by CpMo(CO)3H, as demonstrated by 13C NMR spectroscopy (# corresponds to a 
mesitylene standard).  Spectrum recorded after four days at 100˚C. 
 
The catalytic activities of CpRMo(PMe3)3-x(CO)xH were compared by addition of the 
catalysts (0.0099 mmol) to solutions of formic acid in C6D6 (0.64 mL of 0.39 M, 0.25 
mmol) containing mesitylene (0.034 M, 0.022 mmol) as an internal standard in an NMR 
tube fitted with a J. Young valve (Caution: This reaction releases H2 and CO2, and 
appropriate safety precautions must be taken to avoid the buildup of high pressures).  
CpMo(CO)3H, Cp*Mo(CO)3H, CpMo(PMe3)(CO)2H, Cp*Mo(PMe3)(CO)2H and 
CpMo(PMe3)3H displayed no appreciable catalysis at room temperature, and so the 
reactivity was monitored at 100˚C (Table 2). CpMo(PMe3)2(CO)H and 
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Cp*Mo(PMe3)2(CO)H are competent catalysts at room temperature and 100 ˚C, and 
were monitored at both temperatures (Table 2). 
 
The overall conversion of formic acid is a composite of dehydrogenation (to form CO2 
and H2) and disproportionation (to form MeOH and HCO2Me), and this was taken into 
account when evaluating the individual catalytic efficiencies.  Specifically, the amount 
of formic acid that undergoes dehydrogenation is given by the expression 
[HCO2H]dehydrogenated = [HCO2H]consumed – {3  [MeOH]formed} – {4  [HCO2Me]formed},  
and the turnover number (TON) for dehydrogenation is defined as 
[HCO2H]dehydrogenated/[CpRMo(PMe3)3-x(CO)xH]initial.  Turnover frequencies (TOF) are 
reported for 50% conversion and are calculated by dividing the TON at this point by the 
time required to achieve this value (Table 2).  Selectivity for formation of 
methanol/methyl formate is defined as the percentage of formic acid used to produce 
methanol/methyl formate and is equal to 3  {[MeOH]formed + 
[HCO2Me]formed}/{[HCO2H]consumed – [HCO2Me]formed}  100 (Table 4).  The selectivity 
as a function of formic acid and catalyst concentration was measured as summarized in 
Table 5.  The indicated amounts of formic acid and CpMo(CO)3H were added to C6D6 
(0.64 mL) with mesitylene (3.0 L, 0.022 mmol) as an internal standard in an NMR tube 
fitted with a J. Young valve. Reactions were heated at 100 ˚C and were monitored 
periodically via 1H NMR spectroscopy. 
 
1.7.16 Reactivity of CpMo(CO)3H towards Formic Acid in the Presence of D2 
CpMo(CO)3H (5.0 mg, 0.020 mmol) and H13CO2H (8.0 L, 0.21 mmol) were added to 
C6D6 or C6H6 (ca. 0.7 mL) in two NMR tubes equipped with J. Young valves.  The tubes 
were degassed via a freeze-pump-thaw cycle, and exposed to D2 (1 atm).  The reactions 
were heated at 100˚C (side-by-side) and monitored by NMR spectroscopy (1H and 13C 
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for the C6D6 solution and 2H NMR for the C6H6 solution), which demonstrated that 
there was no significant deuterium incorporation into either the methanol or methyl 
formate.  
 
Figure 22.  Catalytic formation of HCO2Me and MeOH from H13CO2H in the presence 
of D2. 
 
1.7.17 Reactivity of CpMo(CO)3H towards DCO2D  
DCO2D (5.0 L, 0.13 mmol) was added to a solution of CpMo(CO)3H (7.0 mg, 0.023 
mmol) in C6D6 (ca. 0.7 mL).  2H NMR spectroscopy indicated the immediate 
appearance of CpMo(CO)3D (Figure 23), while 1H NMR spectroscopy revealed that only 
ca. 63% of CpMo(CO)3H/D remained as CpMo(CO)3H (Figure 24).  The solution was 
left at room temperature for a period of one week, over which time there was no change 
in the CpMo(CO)3H/D ratio. 
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Figure 23.  Hydride region of the 2H NMR spectrum of a solution of CpMo(CO)3H and 
DCO2D in C6D6. 
 
 
Figure 24.  1H NMR spectrum of CpMo(CO)3H and DCO2D in C6D6. 
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1.7.18 Reaction of CpMo(PMe3)2(CO)H with CO2 at High Pressure 
A solution containing CpMo(PMe3)2(CO)H (0.023 M) and mesitylene (0.034 M) as an 
internal standard in C6D6 (ca. 0.64 mL) was placed in a sapphire NMR tube, which was 
subsequently charged with CO2 (59.9 atm). The solution was monitored by 1H NMR 
spectroscopy, thereby indicating the generation of CpMo(PMe3)2(CO)(O2CH) as a 
component of an equilibrium mixture after a period of two days.  The equilibrium 
constant was determined using the relative ratio of CpMo(PMe3)2(CO)(O2CH) and 
CpMo(PMe3)2(CO)H along with the pressure of CO2, such that K = 
[CpMo(PMe3)2(CO)(O2CH)]/([CpMo(PMe3)2(CO)H]  PCO2) = 0.01 atm-1. 
 
1.7.19 Transfer Hydrogenation of Carbonyls with Formic Acid 
1.  Transfer Hydrogenation of Acetone Catalyzed by CpMo(PMe3)3-x(CO)xH  
A solution of formic acid (0.39 M, 0.25 mmol) and acetone (0.39 M, 0.25 mmol) in C6D6 
(0.64 mL) containing mesitylene as an internal standard (0.034 M, 0.022 mmol) was 
treated with CpMo(PMe3)3-x(CO)xH (x = 1, 2, 3; 0.0098 mmol).  The reactions were 
heated at 100 ˚C and monitored via 1H NMR spectroscopy until the formic acid was 
completely consumed.  Selectivity for transfer hydrogenation is defined as the 
percentage of formic acid used to hydrogenate the C=O bonds: {[ROH]formed + 
[HCO2R]formed}/{[HCO2H]consumed – [HCO2R]formed – [HCO2Me]formed}  100, and values 
are listed in Table 7. 
 
2.  Transfer Hydrogenation of Carbonyls Catalyzed by CpMo(CO)3H 
A solution of formic acid in C6D6 (0.64 mL of 0.39 M, 0.25 mmol) containing mesitylene 
as an internal standard (0.034 M, 0.022 mmol) was treated sequentially with RC(O)R’  
and CpMo(CO)3H (2.4 mg, 0.0098 mmol), where RC(O)R’ = MeCHO, PriCHO, RC(O)Me 
(R = Me, Pri, But, Ph) and Ph2CO.  The reactions were heated at 100 ˚C and monitored 
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via 1H NMR spectroscopy until the formic acid was completely consumed.  Selectivity 
values are listed in Table 8. 
 
1.7.20 Reactivity of [CpMo(CO)3]2 towards H13CO2H  
H13CO2H (5.0 L, 0.13 mmol) was added to a solution of [CpMo(CO)3]2 (3 mg, 0.006 
mmol) in C6D6 (ca. 0.7 mL), and the mixture was heated to 100˚C.  The solution was 
monitored by 1H and 13C{1H} NMR spectroscopy, thereby indicating the formation of 
CpMo(CO)3H, H2 and CO2. 
 
1.7.21 Reactivity of [CpMo(-O)(-O2CH)]2 towards H13CO2H  
[CpMo(-O)(-O2CH)]2 (ca. 3 mg, 0.007 mmol) was added to a solution of H13CO2H (ca. 
20 L, 0.5 mmol) in C6D6 (ca. 0.7 mL), and the mixture was heated to 100˚C.  The 
reaction was monitored by 1H and 13C{1H} NMR spectroscopy, thereby demonstrating 




Figure 25.  13C{1H} NMR of [CpMo(-O)(-O2CH)]2 and H13CO2H in C6D6 after one 
day of heating at 100˚C. 
 
1.7.22 Reactivity of CpW(CO)3H towards Formic Acid  
Formic acid (20 L, 0.53 mmol) was added to a solution of CpW(CO)3H (7.0 mg, 0.021 
mmol) in C6D6 (ca. 0.7 mL), and the mixture was heated to 100˚C.  The reaction was 
monitored by 1H NMR spectroscopy, thereby demonstrating the formation of trace 




Figure 26.  1H NMR spectrum of CpW(CO)3H and formic acid in C6D6 after eleven 
days of heating at 100˚C. 
 
1.7.23 Reactivity of CpW(PMe3)(CO)2H towards Formic Acid  
Formic acid (ca. 20 L, 0.5 mmol) was added to a solution of CpW(PMe3)(CO)2H (5.0 
mg, 0.013 mmol) in C6D6 (ca. 0.7 mL), and the mixture was heated to 100˚C.  The 
reaction was monitored by 1H NMR spectroscopy, thereby indicating the complete 





Figure 27.  1H NMR spectrum of CpW(PMe3)(CO)2H and formic acid in C6D6 after 24 
days of heating at 100˚C.  MF = methyl formate. 
 
1.7.24 Reactivity of CpW(PMe3)2(CO)H towards Formic Acid  
Formic acid (ca. 20 L, 0.5 mmol) was added to a solution of CpW(PMe3)2(CO)H (10 mg, 
0.023 mmol) in C6D6 (ca. 0.7 mL), and the mixture was heated to 100˚C.  The reaction 
was monitored by 1H NMR spectroscopy, thereby indicating the complete consumption 





Figure 28.  1H NMR spectrum of CpW(PMe3)2(CO)H and formic acid in C6D6 after one 
day of heating at 100˚C.  MF = methyl formate. 
65 
1.8 Crystallographic Data 
Table 11.  Crystal, intensity collection, and refinement data. 
 CpMo(PMe3)(CO)2H CpMo(PMe3)2(CO)H 
lattice Monoclinic Monoclinic 
formula C10H15MoO2P C12H24MoOP2 
formula weight 294.13 342.19 
space group P21/c P21/c 
a/Å 8.4275(17) 14.2974(13) 
b/Å 12.152(2) 9.5684(8) 
c/Å 12.291(2) 12.3878(11) 
/˚ 90 90 
/˚ 104.671(3) 111.8330(10) 
/˚ 90 90 
V/Å3 1217.7(4) 1573.1(2) 
Z 4 4 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.604 1.445 
 (Mo K), mm-1 1.182 1.018 
 max, deg. 32.928 32.377 
no. of data collected 20362 26205 
no. of data 4360 5482 
no. of parameters 134 154 
R1 [I > 2(I)] 0.0265 0.0273 
wR2 [I > 2(I)] 0.0597 0.0619 
R1 [all data] 0.0304 0.0363 




Rint 0.0316 0.0325 
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Table 11.  Crystal, intensity collection, and refinement data. 
 [CpMo(PMe3)3H2][Cl] [CpMo(-O)(-O2CH)]2 
lattice Orthorhombic Monoclinic 
formula C14H34ClMoP3 C12H12Mo2O6 
formula weight 426.71 444.10 
space group P212121 C2/c 
a/Å 11.8282(14) 19.104(10) 
b/Å 12.4490(15) 6.102(3) 
c/Å 13.6005(16) 12.999(7) 
/˚ 90 90 
/˚ 90 122.780(6) 
/˚ 90 90 
V/Å3 2002.7(4) 1274.1(11) 
Z 4 4 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.415 2.315 
 (Mo K), mm-1 1.017 1.991 
 max, deg. 30.73 32.327 
no. of data collected 27188 21420 
no. of data 6204 2243 
no. of parameters 189 91 
R1 [I > 2(I)] 0.0550 0.0347 
wR2 [I > 2(I)] 0.0949 0.0827 
R1 [all data] 0.0926 0.0435 




Rint 0.1010 0.0697 
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Table 11.  Crystal, intensity collection, and refinement data. 
 [Cp*Mo(-O)(-O2CH)]2 CpW(PMe3)2(CO)H 
lattice Orthorhombic Monoclinic 
formula C22H32Mo2O6 C12H24OP2W 
formula weight 584.35 430.10 
space group Pnma P21/c 
a/Å 14.055(9) 14.257(2) 
b/Å 20.208(13) 9.5929(14) 
c/Å 7.933(5) 12.3734(18) 
/˚ 90 90 
/˚ 90 111.6468(19) 
/˚ 90 90 
V/Å3 2253(3) 1572.9(4) 
Z 4 4 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.723 1.816 
 (Mo K), mm-1 1.148 7.529 
 max, deg. 26.372 33.014 
no. of data collected 13020 25332 
no. of data 2376 5659 
no. of parameters 183 155 
R1 [I > 2(I)] 0.0580 0.0285 
wR2 [I > 2(I)] 0.1268 0.0794 
R1 [all data] 0.0855 0.0374 








1.9 Computational Data 
Table 12.  Cartesian Coordinates for Geometry Optimized CpMo(CO)3H 
CpMo(CO)3H 
ESCF = -601.92041278493 Hartrees 
G = -601.664481 Hartrees 
atom x y z 
Mo 1.352896888 7.68804402 2.43281659 
C 2.4132935 5.669206423 3.244406371 
C 1.816280905 5.363513303 1.986442762 
C 2.463129182 6.147287411 0.988620597 
C 3.469691308 6.939390627 1.633758039 
C 3.435498812 6.639221969 3.026143684 
C -0.628447498 7.512592578 2.222189949 
C 1.082614634 9.109988664 1.029976333 
C 1.636117148 9.295621867 3.587680494 
O -1.769751657 7.351077838 2.113524733 
O 0.93355909 9.92367281 0.221046206 
O 1.840011545 10.19455552 4.288353943 
H 2.145760741 5.232588516 4.196825795 
H 1.018694302 4.651884449 1.81961059 
H 2.256653235 6.120533452 -0.072652647 
H 4.159062091 7.614843627 1.145836026 
H 4.080387013 7.061485583 3.7849973 
H 0.515322905 7.603271804 3.926365161 
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Table 13.  Cartesian Coordinates for Geometry Optimized [CpMo(CO)3H2]+ 
[CpMo(CO)3H2]+ 
ESCF = -602.24403045574 Hartrees 
G = -601.976171 Hartrees 
atom x y z 
Mo 15.08828455 9.112768502 17.03133421 
C 16.44059158 10.14728837 15.84354316 
C 15.04877166 8.626097844 19.04872937 
C 14.12096452 10.90735304 17.46395946 
H 16.14729316 10.09349633 17.95707083 
H 16.60812734 8.409440859 17.35658429 
C 13.51251538 8.727782293 15.32230084 
H 13.06054824 9.527501255 14.75049369 
C 14.69550896 8.003065491 14.96340806 
H 15.29737095 8.169919566 14.0790113 
C 14.91951647 6.987915011 15.94005922 
H 15.71787017 6.25864471 15.9314964 
C 13.86847485 7.075127296 16.90000631 
H 13.7322457 6.414316244 17.74667289 
C 12.99817722 8.151149788 16.52673813 
H 12.08526246 8.434321856 17.03407209 
O 13.5834802 11.8852499 17.69650313 
O 15.0857735 8.346557441 20.1520791 
O 17.22717986 10.68713892 15.22163677 
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Table 14.  Cartesian Coordinates for Geometry Optimized CpMo(CO)3(O2CH) (Dist.) 
CpMo(CO)3(O2CH) (Distal) 
ESCF = -790.55361144242 Hartrees 
G = -790.222741 Hartrees 
atom x y z 
Mo 1.288317944 7.761275799 2.414688919 
C 2.298224612 5.732427582 3.350168056 
C 1.716744221 5.40766208 2.095562396 
C 2.395313137 6.168363256 1.093547895 
C 3.392544473 6.968879679 1.747385803 
C 3.3212153 6.6985261 3.149038457 
C -0.653273899 7.701865565 1.809784852 
C 1.372999448 8.944766817 0.779337959 
C 1.682669453 9.558756664 3.274501707 
O -1.744451815 7.598608395 1.458866763 
O 1.416053826 9.625678079 -0.152879526 
O 1.975083885 10.55080493 3.78039502 
H 1.951200631 5.379132661 4.311515638 
H 0.919293165 4.696146545 1.929950281 
H 2.226877837 6.108780372 0.026925754 
H 4.106867616 7.617970773 1.259601487 
H 3.94736575 7.129774322 3.917900332 
O 0.280441047 7.495208526 4.303803702 
C -0.624662214 8.19506179 4.949214987 
O -1.073985402 7.881114906 6.036758373 
H -0.967455577 9.115002656 4.4303949 
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Table 15.  Cartesian Coordinates for Geometry Optimized CpMo(CO)3(O2CH) (Prox.) 
CpMo(CO)3(O2CH) (Proximal) 
ESCF = -790.56308686319 Hartrees 
G = -790.227798 Hartrees 
atom x y z 
Mo 1.156864844 7.745970023 2.36583641 
C 2.20521025 5.803029497 3.440826126 
C 1.72832202 5.420373689 2.156982158 
C 2.436453429 6.19308056 1.185516811 
C 3.342265134 7.059745353 1.888161427 
C 3.19035771 6.814141472 3.287304861 
C -0.686574783 7.604394475 1.529849803 
C 1.35706832 8.945690187 0.756653876 
C 1.478094967 9.618287544 3.201965028 
O -1.723251391 7.460399478 1.047713873 
O 1.465922144 9.63400701 -0.165447057 
O 1.87353942 10.66977932 3.450867118 
H 1.824788442 5.435134427 4.383713531 
H 0.983370384 4.663010957 1.955353814 
H 2.351311013 6.0979234 0.111772559 
H 4.054673848 7.73679756 1.436836874 
H 3.735884475 7.299069705 4.085237522 
O -0.168348653 7.372177344 4.050252489 
C -0.247859321 8.116621279 5.112419024 
H -0.922980173 7.682561666 5.873516497 
O 0.324082322 9.181942718 5.323822067 
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Table 16.  Cartesian Coordinates for Geometry Optimized [CpMo(CO)3(O2CH)]‡ 
[CpMo(CO)3(O2CH)]‡ 
ESCF = -790.51240232061 Hartrees 
G = -790.182269 Hartrees 
atom x y z 
Mo 0.531858496 8.257389589 3.072456239 
C 1.735220829 6.093889088 3.886093691 
C 1.056644219 5.866264617 2.662088345 
C 1.629015123 6.72870843 1.674987364 
C 2.627859428 7.526749598 2.31975363 
C 2.663068087 7.149610191 3.69903359 
C -1.379191546 8.186506571 2.378807152 
C 0.629792396 9.433713764 1.465427868 
C 0.974390856 10.06398339 3.89581879 
O -2.441568432 8.105310441 1.941962652 
O 0.68074454 10.12072284 0.536893171 
O 1.287316337 11.07799964 4.343099258 
H 1.508968512 5.616589272 4.827699392 
H 0.283997168 5.128653828 2.491892995 
H 1.400282811 6.726843524 0.617820626 
H 3.286993234 8.234858576 1.835899034 
H 3.322290216 7.556947321 4.453748349 
O -0.129994676 7.222893284 5.374084647 
C -0.947312391 8.162287898 5.479196317 
O -1.776480159 8.569713777 6.2599228 
H -0.873136893 8.884551716 4.472102401 
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Table 17.  Cartesian Coordinates for Geometry Optimized (HCO2H)2 
(HCO2H)2 
ESCF = -379.70363522849 Hartrees 
G = -379.531621 Hartrees 
atom x y z 
O 1.6304795795 0.1796667777 0.1525427533 
O 0.5084787833 -0.3594388271 -1.7415186988 
H -0.3119565098 -0.3000157837 -1.1632647553 
C 1.5904112561 -0.0994091320 -1.0421929999 
H 2.5000031877 -0.1571748586 -1.6532147290 
O -1.6304795795 -0.1796667777 -0.1525427533 
O -0.5084787833 0.3594388271 1.7415186988 
H 0.3119565098 0.3000157837 1.1632647553 
C -1.5904112561 0.0994091320 1.0421929999 
H -2.5000031877 0.1571748586 1.6532147290 
 
Table 18.  Cartesian Coordinates for Geometry Optimized [HCO2]- 
[HCO2]- 
ESCF = -189.83323179173 Hartrees 
G = -189.221123 Hartrees 
atom x y z 
C 0.0000000000 0.0000000000 0.350633998 
O 0.0000000000 1.141992456 -0.178399393 
O 0.0000000000 -1.141992456 -0.178399393 
H 0.0000000000 0.0000000000 1.487716728 
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Table 19.  Cartesian Coordinates for Geometry Optimized CO2 
CO2 
ESCF = -188.65715586048 Hartrees 
G = -188.596583 Hartrees 
atom x y z 
O 0.0000000000 0.0000000000 1.1696716049 
C 0.0000000000 0.0000000000 0.0000000000 
O 0.0000000000 0.0000000000 -1.1696716049 
 
Table 20.  Cartesian Coordinates for Geometry Optimized H2 
H2 
ESCF = -1.18001891959 Hartrees 
G = -1.180338 Hartrees 
atom x y z 
H 0.0000000000 0.0000000000 0.371880458 
H 0.0000000000 0.0000000000 -0.371880458 
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Table 21.  Cartesian Coordinates for Geometry Optimized [CpMo(CO)3]+ 
[CpMo(CO)3]+ 
ESCF = -601.04158936801 Hartrees 
G = -600.791763 Hartrees 
atom x y z 
Mo 1.3044345411 7.6618245732 2.5603415241 
C 2.4948584139 5.6156800029 3.2060183036 
C 1.7858378451 5.3814547287 1.9944748331 
C 2.3062375385 6.2759150841 1.0081602572 
C 3.3340329691 7.0725516587 1.6315244868 
C 3.4358288377 6.6646889444 2.9977202766 
C -0.6999322856 7.4853076865 2.0707547600 
C 1.1470709778 9.0002516968 1.0587949525 
C 1.7902551784 9.4223565723 3.5347822634 
O -1.7970857879 7.3480933292 1.7811641603 
O 1.0831886545 9.7430425449 0.1883773209 
O 2.1009750259 10.3818691189 4.0728067090 
H 2.3220346068 5.1024077767 4.1457679184 
H 1.0278387756 4.6253364101 1.8361935723 
H 2.0313918071 6.2994948484 -0.0382793696 
H 3.9642784517 7.7982656586 1.1342491871 
H 4.1404337442 7.0418261294 3.7273912196 
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Table 22.  Cartesian Coordinates for Geometry Optimized cis-CpMo(PMe3)(CO)2H 
cis-CpMo(PMe3)(CO)2H 
ESCF = -949.73574333512 Hartrees 
G = -949.353861 Hartrees 
atom x y z 
Mo 0.6376724675 2.5567475679 1.3943634119 
P 2.1129716228 4.2829837788 2.3370365770 
O 3.3938892805 1.5092529556 0.2935568931 
O 0.8335177841 -0.0773449249 3.0884129891 
C -0.7342901313 4.1779444735 0.1791640987 
H -0.5252129013 5.2396870100 0.1696986480 
C -0.2321405629 3.2198819901 -0.7464731590 
H 0.4204754017 3.4275183214 -1.5836899043 
C 3.3153715607 3.7209088450 3.6189709022 
H 3.9197157799 4.5553453154 3.9914723461 
H 3.9735246915 2.9609873890 3.1893397533 
H 2.7666702285 3.2676347537 4.4485287612 
C 3.2135854571 5.1869142245 1.1511374309 
H 3.8188221861 5.9425752366 1.6639415687 
H 2.6042598162 5.6780799805 0.3867303586 
H 3.8764281824 4.4746653172 0.6523124338 
C -1.5877580246 3.5036690220 1.0979619551 
H -2.1283671327 3.9590521269 1.9164475603 
C -1.6167342227 2.1240311229 0.7408447813 
H -2.1944879166 1.3545789148 1.2350211966 
C -0.7810010111 1.9437567290 -0.4041379419 
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H -0.6273263076 1.0186323174 -0.9417783002 
C 2.3735270585 1.9020380158 0.7080593212 
C 0.7913963900 0.9035169982 2.4606572135 
C 1.2748181337 5.6920357827 3.1961205629 
H 2.0060883113 6.4111467957 3.5807658619 
H 0.6759485119 5.3046401583 4.0244003223 
H 0.6049262154 6.2053868285 2.5005322824 
H 0.4195784834 2.8495879148 3.0757311900 
 
Table 23.  Cartesian Coordinates for Geometry Optimized cis-[CpMo(PMe3)(CO)2H2]+ 
cis-[CpMo(PMe3)(CO)2H2]+ 
ESCF = -950.09757842594 Hartrees 
G = -949.703155 Hartrees 
atom x y z 
Mo 0.7079763629 2.4969459813 1.5080607119 
P 2.1281237242 4.4484057388 2.3301180305 
O 3.3262262707 1.3371796586 0.0817113167 
O 0.0724007140 -0.3689191405 2.7495907970 
C -0.4252782705 4.2347564017 0.2873823443 
H -0.1449148141 5.2788562505 0.3051572368 
C 0.0460324229 3.2631775521 -0.6434607977 
H 0.7486424874 3.4415407927 -1.4464220124 
C 3.4332145635 3.9841834365 3.5369810549 
H 3.9876851548 4.8740782628 3.8500660693 
H 4.1283737810 3.2719310939 3.0851105223 
H 2.9767369617 3.5181387250 4.4138014200 
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C 3.0582490899 5.3524905738 1.0207789529 
H 3.6355400452 6.1681765375 1.4679277732 
H 2.3757892012 5.7734717673 0.2782121573 
H 3.7467358339 4.6714369328 0.5132312989 
C -1.3809747156 3.6154523663 1.1447553797 
H -1.9397311424 4.0969572125 1.9348248119 
C -1.5080845819 2.2555043665 0.7384781684 
H -2.1883926189 1.5317934046 1.1673351691 
C -0.6225160822 2.0285488997 -0.3677195030 
H -0.5284346942 1.1106868069 -0.9314778845 
C 2.3930405372 1.7578326181 0.5989600962 
C 0.3098867841 0.6484717659 2.2829149238 
C 1.1875922302 5.7634224906 3.2080219778 
H 1.8707782134 6.5533321048 3.5359435054 
H 0.6898226513 5.3345073464 4.0811532666 
H 0.4290875798 6.2045222584 2.5569363032 
H 0.2594158093 2.8507683121 3.1138474069 




Table 24.  Cartesian Coordinates for Geometry Optimized cis-[CpMo(PMe3)(CO)2]+ 
cis-[CpMo(PMe3)(CO)2]+ 
ESCF = -948.89271538409 Hartrees 
G = -948.518601 Hartrees 
atom x y z 
Mo 0.5821562968 2.5735318582 1.5080027975 
P 2.2084582564 4.3919883201 2.2943788161 
O 3.2856694955 1.4036375431 0.4523720038 
O 0.5424400995 -0.3295861050 2.8179323551 
C -0.5976490962 4.1932254340 0.1532567191 
H -0.4100961186 5.2587964381 0.1513275099 
C 0.0832471910 3.2143769036 -0.6465764657 
H 0.8590895739 3.4120996314 -1.3739374519 
C 3.5268704960 3.7993052443 3.4328925046 
H 4.1403423747 4.6404486011 3.7716424442 
H 4.1636658105 3.0726978524 2.9223059215 
H 3.0790093488 3.3155347533 4.3055825799 
C 3.1116794973 5.2742316497 0.9582643236 
H 3.7626194668 6.0395311283 1.3921664668 
H 2.4069775315 5.7553079975 0.2754604284 
H 3.7238032195 4.5677476996 0.3918812129 
C -1.6141501351 3.5306690693 0.8850552454 
H -2.2988306211 3.9956831080 1.5845184917 
C -1.5654828420 2.1422601900 0.5684135415 
H -2.2369118124 1.3837914271 0.9485589325 
C -0.5311616237 1.9426949685 -0.4013888508 
80 
H -0.2942159488 1.0148647003 -0.9036750851 
C 2.2993140341 1.8249031250 0.8890645778 
C 0.5595635936 0.7252586561 2.3614332776 
C 1.3729278131 5.7290307140 3.2524439881 
H 2.1123104931 6.4529392827 3.6109423850 
H 0.8521403717 5.3088094972 4.1179996257 
H 0.6440224554 6.2474274146 2.6243867903 
 
Table 25.  Cartesian Coordinates for Geometry Optimized trans-CpMo(PMe3)2(CO)H 
trans-CpMo(PMe3)2(CO)H 
ESCF = -1297.53995779626 Hartrees 
G = -1297.031858 Hartrees 
atom x y z 
Mo 0.6627769634 2.6811062954 1.4115546974 
P 2.2754982814 4.3853195674 2.0457194119 
O 3.2048045127 1.4161607723 0.1187490368 
C -0.7838850568 4.3946346470 0.4886818255 
H -0.5765593764 5.4512546386 0.5971496483 
C -0.3247052952 3.5558560214 -0.5729198887 
H 0.2814619403 3.8641125874 -1.4133669866 
C 3.7772875610 3.8548401180 2.9866581552 
H 4.4395956978 4.7031059004 3.1934798036 
H 4.3208886980 3.1052292402 2.4056091737 
H 3.4653419096 3.4011969891 3.9310092203 
C 3.0546938947 5.3316645937 0.6510604721 
H 3.7585045745 6.0880973123 1.0162983717 
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H 2.2767607725 5.8252355250 0.0611542373 
H 3.5835615844 4.6319548377 -0.0021764626 
C -1.6159346613 3.6228662447 1.3456437304 
H -2.1198040243 3.9773503117 2.2346439284 
C -1.6602742982 2.2992484097 0.8274046507 
H -2.2368868389 1.4811265771 1.2390594374 
C -0.8704146808 2.2515385361 -0.3620473250 
H -0.7499569664 1.3977679677 -1.0142647932 
C 2.2455167908 1.8932630215 0.6251698292 
P 0.6829096450 0.5999181256 2.6671379230 
C 1.6695810939 5.7742561541 3.1172597998 
H 2.4674014632 6.4946150882 3.3297184529 
H 1.2926727419 5.3616721560 4.0569241103 
H 0.8453715847 6.2941293617 2.6205144783 
H 0.7998406927 2.9066436797 3.1334359514 
C -0.5890992428 0.4024263629 4.0043351477 
C 2.2230315327 0.1513111397 3.5886624826 
C 0.4020906253 -0.9506264355 1.6846016183 
H 1.1870825249 -1.0399794667 0.9283983871 
H -0.5609036330 -0.8907140084 1.1689881422 
H 0.4099900982 -1.8424111706 2.3214978459 
H -1.5923096758 0.5037087017 3.5804095779 
H -0.4532929948 1.1941667226 4.7459191045 
H -0.5076988380 -0.5739969294 4.4948146365 
H 2.4344963627 0.9261381707 4.3301567352 
H 3.0614973530 0.1041888409 2.8887906129 
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H 2.1184672321 -0.8152657572 4.0944497398 
 
Table 26.  Cartesian Coordinates for Geometry Optimized trans-
[CpMo(PMe3)2(CO)H2]+ 
trans-[CpMo(PMe3)2(CO)H2]+ 
ESCF = -1297.9371579119 Hartrees 
G = -1297.416867 Hartrees 
atom x y z 
Mo 0.7991986053 2.6405390908 1.5192867840 
P 2.2345884732 4.6580158000 2.0113223316 
O 3.1958390797 1.3897431754 -0.1319848336 
C -0.5582615698 4.3174492133 0.4737440597 
H -0.3527533034 5.3772873314 0.5248848702 
C -0.0804292708 3.4209960511 -0.5290440695 
H 0.5465827030 3.6806706226 -1.3706022858 
C 3.8150160577 4.2993014127 2.8828295354 
H 4.3748462222 5.2243734466 3.0518171173 
H 4.4250070297 3.6175317864 2.2844384191 
H 3.6057134495 3.8266562912 3.8457396004 
C 2.8032961666 5.6194984855 0.5425053488 
H 3.4215868347 6.4651692377 0.8603680626 
H 1.9541131611 6.0044005663 -0.0273700329 
H 3.3958472209 4.9745852691 -0.1120312647 
C -1.4162726188 3.6008369645 1.3538587640 
H -1.9479685062 4.0102655349 2.2010851588 
C -1.4708413471 2.2544036152 0.8987455834 
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H -2.0829891603 1.4743373779 1.3284852317 
C -0.6479337964 2.1321682605 -0.2647688042 
H -0.5304347556 1.2478360959 -0.8750547741 
C 2.3251071029 1.8443914957 0.4776640669 
P 0.4653047772 0.4190559330 2.6680157242 
C 1.4597864068 5.9327006722 3.0929332529 
H 2.1490245907 6.7675633556 3.2540637646 
H 1.2074343595 5.4830644628 4.0564956258 
H 0.5409815100 6.3167584499 2.6429401843 
H 0.5885339449 2.9949101170 3.1798376254 
C -0.7705870218 0.4125620966 4.0344276898 
C 1.9622207988 -0.2798096379 3.4787450500 
C -0.0790703445 -0.9712788536 1.5829257266 
H 0.6629698643 -1.1378746994 0.7973029795 
H -1.0397734829 -0.7493345572 1.1118273817 
H -0.1843449880 -1.8891145042 2.1702447810 
H -1.7538216266 0.7182613083 3.6684512903 
H -0.4581740537 1.1199251347 4.8066785243 
H -0.8520516902 -0.5871580239 4.4725938741 
H 2.3199021893 0.4079952218 4.2491069174 
H 2.7560809684 -0.4203654562 2.7404449756 
H 1.7294471204 -1.2443987676 3.9403879491 
H 2.1063003395 2.2452531521 2.5185908029 
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Table 27.  Cartesian Coordinates for Geometry Optimized trans-[CpMo(PMe3)2(CO)]+ 
trans-[CpMo(PMe3)2(CO)]+ 
ESCF = -1296.72913731609 Hartrees 
G = -1296.227275 Hartrees 
atom x y z 
Mo 0.6753844232 2.6959905153 1.5337950449 
P 2.3310586638 4.5837525444 1.9402340728 
O 3.1362951358 1.4455394626 0.1204403070 
C -0.7297489584 4.3811042514 0.5520603971 
H -0.5561033056 5.4459704430 0.6308116848 
C -0.1653884382 3.5071905883 -0.4364712565 
H 0.4853944846 3.7913917467 -1.2515105811 
C 3.8203000103 4.0631927653 2.8954228085 
H 4.4793453041 4.9202724854 3.0680827350 
H 4.3652339185 3.2959926176 2.3403719754 
H 3.5246121219 3.6510337958 3.8645614045 
C 3.0344961814 5.3482353108 0.4209042526 
H 3.7579059644 6.1249265090 0.6882449832 
H 2.2392846686 5.7989399760 -0.1785631566 
H 3.5336367546 4.5829971863 -0.1787994566 
C -1.6286638332 3.6337285053 1.3562650082 
H -2.2141911775 4.0167492890 2.1823472542 
C -1.6062848330 2.2903845380 0.8995409979 
H -2.2169033516 1.4864833321 1.2884148303 
C -0.7122037308 2.2029295197 -0.2198703609 
H -0.5440327282 1.3365058004 -0.8440485968 
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C 2.2390924408 1.9121818835 0.7131140679 
P 0.5788909110 0.3982023934 2.6227496378 
C 1.7137372357 6.0279842505 2.9130162468 
H 2.5158154281 6.7555901258 3.0739701622 
H 1.3444664596 5.6930410498 3.8869556277 
H 0.8924055440 6.5198495722 2.3858160106 
C -0.7349409805 0.1493652346 3.8979789601 
C 2.1151996217 -0.0599776241 3.5340960531 
C 0.3313261148 -1.0064825846 1.4593255993 
H 1.1362560989 -1.0178184010 0.7201462075 
H -0.6227831410 -0.9019866299 0.9363725579 
H 0.3316008852 -1.9546478338 2.0061721527 
H -1.7258524123 0.2684562606 3.4525350300 
H -0.6267229983 0.8894502201 4.6965574295 
H -0.6626331877 -0.8513270217 4.3362561290 
H 2.3268460351 0.6760555243 4.3150542197 
H 2.9602517266 -0.0886162323 2.8421960382 




Table 28.  Cartesian Coordinates for Geometry Optimized CpMo(PMe3)3H 
CpMo(PMe3)3H 
ESCF = -1645.31084122639 Hartrees 
G = -1644.67218 Hartrees 
atom x y z 
Mo 0.6039699882 2.7013064344 1.4262529433 
P 2.1685233701 4.4039581009 2.1829118814 
C -0.8174066116 4.3792003149 0.5279047913 
H -0.6498749368 5.4381951835 0.6708799352 
C -0.3175239813 3.5826477531 -0.5493132450 
H 0.2623471777 3.9432172232 -1.3882774558 
C 3.8873659098 4.0719194308 2.8488616830 
H 4.3632311033 4.9900780915 3.2139279673 
H 4.5227310619 3.6391035096 2.0708132622 
H 3.8195028301 3.3540107939 3.6715972675 
C 2.5952558292 5.7750679451 0.9817961651 
H 3.2450928142 6.5266048740 1.4449464363 
H 1.6749507686 6.2651680433 0.6510089098 
H 3.0945544257 5.3710221876 0.0984219995 
C -1.6489895687 3.5553902479 1.3396119100 
H -2.1735782526 3.8703289254 2.2313114059 
C -1.6726468148 2.2505120748 0.7763228510 
H -2.2440608862 1.4098204619 1.1469900148 
C -0.8513909248 2.2551561708 -0.3865233467 
H -0.7283049862 1.4266407043 -1.0694441217 
P 2.4812989372 1.6551305703 0.1928595916 
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P 0.6096958951 0.8033278955 2.9411708270 
C 1.5563090410 5.4673530212 3.5857900515 
H 2.2323008538 6.3061549599 3.7888702589 
H 1.4576499665 4.8546581586 4.4859460658 
H 0.5642483622 5.8539041670 3.3355168943 
H 0.3652165011 3.0938738908 3.0814984916 
C -0.8861326209 0.7301605735 4.0538693750 
C 1.9182607372 0.5858017675 4.2552265642 
C 0.5274067809 -0.9522718318 2.2941450195 
H 1.4298618472 -1.2032732780 1.7303290401 
H -0.3276251486 -1.0426804443 1.6166099654 
H 0.4115717005 -1.6791846634 3.1066524929 
H -1.7959978238 0.6743265355 3.4497955332 
H -0.9324061155 1.6447766217 4.6505939280 
H -0.8508026108 -0.1383721413 4.7213287434 
H 1.9411108867 1.4898939525 4.8708108343 
H 2.9017927679 0.4644683489 3.7950324528 
H 1.7144567717 -0.2796900167 4.8975841089 
C 3.8427706336 0.6952705259 1.0367592693 
C 3.5625060896 2.7113472291 -0.9121395621 
C 2.0103324192 0.3849835451 -1.0963549755 
H 4.1689492617 3.3944448938 -0.3115794913 
H 2.9304586797 3.3108079949 -1.5737908249 
H 4.2342189373 2.0961765995 -1.5221671072 
H 3.4327580335 -0.1879936904 1.5322015406 
H 4.3243708340 1.3168138167 1.7950288450 
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H 4.5971566905 0.3677608559 0.3121017529 
H 1.4138635746 0.8608298048 -1.8800973725 
H 1.4049259399 -0.4023311001 -0.6400265927 
H 2.8968615832 -0.0638292379 -1.5594150433 
 
Table 29.  Cartesian Coordinates for Geometry Optimized [CpMo(PMe3)3H2]+ 
[CpMo(PMe3)3H2]+ 
ESCF = -1645.74799122843 Hartrees 
G = -1645.098145 Hartrees 
atom x y z 
Mo 15.0507267490 9.0331159691 17.0147050915 
P 17.0298584959 9.9011046006 15.7100366773 
P 14.7844450052 8.5901171602 19.4707305019 
P 13.9502386513 11.3227442138 17.1900180715 
C 13.2541634118 8.5939891650 15.4385767015 
H 12.6194738984 9.3538430424 15.0069434855 
C 14.4435353053 8.0925474947 14.8578826569 
H 14.8607347515 8.4110549971 13.9120431410 
C 14.9652106541 7.0736110838 15.7106914889 
H 15.8387507662 6.4676584097 15.5219401300 
C 14.0835928171 6.9454683875 16.8267426321 
H 14.1574495906 6.1917166102 17.5969850626 
C 13.0193602091 7.9001760497 16.6617043637 
H 12.1508822463 8.0087493657 17.2942844530 
C 17.9391659478 8.5893074286 14.7760133931 
H 18.8350153589 9.0103459461 14.3088040745 
89 
H 17.3121106695 8.1569435945 13.9924240870 
H 18.2358651888 7.7937180843 15.4638603722 
C 18.3893529977 10.6088604733 16.7355033738 
H 19.2430778178 10.8844377971 16.1085390659 
H 18.7063386689 9.8665283075 17.4719342446 
H 18.0374525651 11.4941692155 17.2705983124 
C 16.8374221840 11.1998760475 14.4013779607 
H 17.7895524365 11.3714959966 13.8886589843 
H 16.5115531417 12.1436233741 14.8465305884 
H 16.0933248714 10.8903778029 13.6620944833 
C 13.1403784944 7.9865784346 20.0758680803 
H 13.1810123617 7.8037719805 21.1543707560 
H 12.8644387491 7.0521400951 19.5805514256 
H 12.3628241287 8.7279315461 19.8750619706 
C 15.9167204792 7.2777111095 20.1099872929 
H 15.7324349816 7.0855187751 21.1719287778 
H 16.9525792073 7.5987622411 19.9749934103 
H 15.7747570881 6.3512752617 19.5479464278 
C 15.1335265614 9.9478359507 20.6769250679 
H 15.0494849188 9.5754953216 21.7027360171 
H 14.4311299960 10.7750918272 20.5511232957 
H 16.1474959662 10.3248901772 20.5195974702 
C 13.3742299402 12.1411493140 15.6257772406 
H 13.0272399204 13.1577401143 15.8376775035 
H 12.5436071573 11.5842082179 15.1853087783 
H 14.1815989377 12.1887946146 14.8929868782 
90 
C 14.9570647025 12.6847031800 17.9305854719 
H 14.3707660199 13.6063792363 17.9983922160 
H 15.8366567090 12.8759671782 17.3099971935 
H 15.3007277536 12.4048886869 18.9284855868 
C 12.3835337456 11.4345330199 18.1776697002 
H 11.9688430089 12.4473959796 18.1389903547 
H 12.5657103042 11.1727469568 19.2223510003 
H 11.6418821532 10.7387077339 17.7747705994 
H 16.4690715462 8.2472302384 17.5203489503 
H 16.0370490899 10.0102015894 17.9860199200 
 
Table 30.  Cartesian Coordinates for Geometry Optimized [CpMo(PMe3)3]+ 
[CpMo(PMe3)3]+ 
ESCF = -1644.52297265971 Hartrees 
G = -1643.894218 Hartrees 
atom x y z 
Mo 14.9503493343 8.9246308341 16.9899790498 
P 17.0220590666 9.8443798780 15.9701604730 
P 14.9576000977 9.0662821398 19.4744022117 
P 13.8843956385 11.1891287466 16.8774265790 
C 12.9726006428 8.3200577035 15.7301793649 
H 12.1780425041 8.9985851529 15.4521755032 
C 14.1190757218 8.0225269374 14.9432923378 
H 14.3417697988 8.4394888385 13.9709503019 
C 14.8941391457 7.0546329902 15.6487527345 
H 15.7747723792 6.5503845318 15.2726038395 
91 
C 14.1938337516 6.7431551457 16.8753506020 
H 14.4643913134 5.9729793803 17.5861993223 
C 13.0008880384 7.5205009440 16.9036871620 
H 12.2400102646 7.5009276541 17.6716260736 
C 17.2654652602 9.5006151421 14.1649530659 
H 18.2806333850 9.7668295254 13.8532497169 
H 16.5546992071 10.0849549327 13.5734865363 
H 17.0986379363 8.4414499697 13.9549035493 
C 18.4258025937 8.8810852979 16.7227813300 
H 19.3528627554 9.0907905637 16.1788689239 
H 18.2329307718 7.8057259553 16.6736630305 
H 18.5693334571 9.1670405753 17.7678527207 
C 17.7115522162 11.5643494936 16.0695238869 
H 18.7193786428 11.5951620532 15.6424643874 
H 17.7602241229 11.8914678233 17.1112883425 
H 17.0832904784 12.2632172337 15.5102130853 
C 13.6309238390 8.1150778280 20.3532011772 
H 13.8266752939 8.0819976978 21.4298860441 
H 13.5843580015 7.0920147636 19.9721433476 
H 12.6584807212 8.5884737747 20.1898318924 
C 16.4859958100 8.1627572251 20.0332684754 
H 16.4541994964 8.0171392664 21.1181970141 
H 17.3822598050 8.7393430859 19.7908326941 
H 16.5567107432 7.1815642826 19.5555529607 
C 15.0515635597 10.5713998152 20.5559407875 
H 15.1806860130 10.2797757571 21.6034481146 
92 
H 14.1341300715 11.1612437944 20.4770409025 
H 15.8974833712 11.1963059469 20.2580707628 
C 13.5691863274 11.8171787187 15.1614043191 
H 13.0399498078 12.7752219669 15.1867986628 
H 12.9718453993 11.1023432772 14.5906932298 
H 14.5196709492 11.9571913306 14.6388392779 
C 14.6496695962 12.7023168116 17.6310356373 
H 13.9958533557 13.5659494532 17.4695629127 
H 15.6191390980 12.9093491460 17.1772268653 
H 14.7934303025 12.5680343313 18.7034327189 
C 12.1870440783 11.2903765188 17.6181684370 
H 11.7504810121 12.2820188617 17.4614735297 
H 12.2397562422 11.0989717577 18.6936107186 
H 11.5263386191 10.5420964896 17.1742512022 
 
Table 31.  Cartesian Coordinates for Geometry Optimized CpW(CO)3H 
CpW(CO)3H  
ESCF = -602.22047510446 Hartrees 
G = -601.965055 Hartrees 
atom x y z 
W 1.3532956676 7.6837936758 2.4383609904 
C 2.4110645167 5.6703631589 3.2467418236 
C 1.8070860526 5.3701113250 1.9907649945 
C 2.4483354076 6.1611720005 0.9914747223 
C 3.4563179548 6.9540903422 1.6366077753 
C 3.4277159226 6.6470505403 3.0304298386 
93 
C -0.6208254578 7.5141972933 2.1994969399 
C 1.0765574964 9.1048811300 1.0473574003 
C 1.6471858489 9.3006027362 3.5695649326 
O -1.7621638803 7.3524530282 2.0674230870 
O 0.9252731355 9.9212030603 0.2370719416 
O 1.8645109772 10.2098318636 4.2569147231 
H 2.1444920812 5.2329826396 4.1990300048 
H 1.0095725341 4.6584191649 1.8251864523 
H 2.2376429558 6.1369632461 -0.0689168598 
H 4.1429546838 7.6326559963 1.1494011716 
H 4.0732756059 7.0679138459 3.7893674603 
H 0.5310591872 7.5628861495 3.9519509108 
 
Table 32.  Cartesian Coordinates for Geometry Optimized [CpW(CO)3H2]+ 
[CpW(CO)3H2]+ 
ESCF = -602.55253135449 Hartrees 
G = -602.286127 Hartrees 
atom x y z 
W 15.0961217868 9.1114785319 17.0341206125 
C 16.4271377559 10.1459582667 15.8384079407 
C 15.0392413847 8.6231644926 19.0410628716 
C 14.1152456917 10.8830089746 17.4511014047 
H 16.1250606056 10.1389657803 17.9689753077 
H 16.6270029604 8.3983959657 17.3581673039 
C 13.5183586915 8.7479620615 15.3318659702 
H 13.0694884604 9.5509876751 14.7622861774 
94 
C 14.6927399937 8.0102292748 14.9652291464 
H 15.2939485035 8.1737496591 14.0797201101 
C 14.9073880591 6.9878759477 15.9362759141 
H 15.7031291381 6.2554306888 15.9264599412 
C 13.8636319508 7.0834939429 16.9034828922 
H 13.7244498094 6.4196109879 17.7473955013 
C 13.0020759326 8.1712558835 16.5384101993 
H 12.0912278356 8.4581716445 17.0471216612 
O 13.5684337620 11.8595544206 17.6785346196 
O 15.0644467886 8.3503561540 20.1476955804 
O 17.2033632593 10.6979632402 15.2119374383 
 
Table 33.  Cartesian Coordinates for Geometry Optimized cis-CpW(PMe3)(CO)2H 
cis-CpW(PMe3)(CO)2H 
ESCF = -950.03189676293 Hartrees 
G = -949.65045 Hartrees 
atom x y z 
W 0.6317182557 2.5597051382 1.3989230247 
P 2.1150185406 4.2836134678 2.3309541582 
O 3.3874266754 1.5401772438 0.2699238289 
O 0.8827583013 -0.1198715361 3.0122951163 
C -0.7519545447 4.1808207020 0.2214042491 
H -0.5552864741 5.2447758146 0.2249916772 
C -0.2373522117 3.2381367053 -0.7160077705 
H 0.4112460504 3.4641038397 -1.5514947412 
C 3.2857130765 3.7250400638 3.6432637934 
95 
H 3.8906346443 4.5577998155 4.0187103644 
H 3.9430933378 2.9531837255 3.2344999519 
H 2.7145610218 3.2863973056 4.4653713345 
C 3.2454424175 5.1568781596 1.1521532660 
H 3.8559836780 5.9076086537 1.6654483917 
H 2.6541724408 5.6503275140 0.3749991238 
H 3.9024175848 4.4284297503 0.6693440086 
C -1.5950950283 3.4854434084 1.1337374892 
H -2.1344862661 3.9246460878 1.9616841419 
C -1.6060982183 2.1072445255 0.7649292569 
H -2.1730983024 1.3263328725 1.2527947702 
C -0.7702222309 1.9490513997 -0.3868436193 
H -0.6088460215 1.0320362632 -0.9357099383 
C 2.3636650037 1.9224989900 0.6964867150 
C 0.8221868753 0.8853919316 2.4193321275 
C 1.2816309653 5.7155870888 3.1580904336 
H 2.0166553438 6.4237087152 3.5554254997 
H 0.6561332770 5.3460087697 3.9747388371 
H 0.6394059912 6.2374738459 2.4428986467 
H 0.3678326690 2.8682307428 3.0824093144 
 
96 
Table 34.  Cartesian Coordinates for Geometry Optimized cis-[CpW(PMe3)(CO)2H2]+ 
cis-[CpW(PMe3)(CO)2H2]+ 
ESCF = -950.40442379979 Hartrees 
G = -950.010815 Hartrees 
atom x y z 
W 0.7103310471 2.4968011127 1.5194536994 
P 2.1240109991 4.4562127544 2.3197789869 
O 3.2920373509 1.3485550480 0.0392073716 
O 0.0753565943 -0.3930219440 2.6933435787 
C -0.4219024552 4.2337596449 0.2997243083 
H -0.1436568862 5.2784614874 0.3185244532 
C 0.0606732271 3.2614139866 -0.6268260062 
H 0.7642716622 3.4422895195 -1.4283077459 
C 3.4144934611 3.9846747261 3.5382073752 
H 3.9677948967 4.8724129123 3.8590771290 
H 4.1113255731 3.2715166094 3.0906810762 
H 2.9468267776 3.5170662432 4.4080533269 
C 3.0687451517 5.3483626971 1.0141776713 
H 3.6432627916 6.1664943531 1.4599391078 
H 2.3948733724 5.7650662585 0.2612446225 
H 3.7603479027 4.6611852596 0.5194077709 
C -1.3796751115 3.6132094187 1.1522511106 
H -1.9388155839 4.0930684399 1.9432202384 
C -1.4981510562 2.2493133173 0.7510713062 
H -2.1791684738 1.5253936332 1.1784891191 
C -0.6062095534 2.0224893528 -0.3525594725 
97 
H -0.5103376864 1.1059801695 -0.9181663913 
C 2.3659328964 1.7680376782 0.5755595695 
C 0.3074237649 0.6395151517 2.2540903547 
C 1.1895084073 5.7823968000 3.1866197244 
H 1.8769482711 6.5679131777 3.5155255450 
H 0.6841968403 5.3601967091 4.0586352967 
H 0.4382736955 6.2284682825 2.5304544431 
H 0.2428916240 2.8545633965 3.1344406389 
H 1.8647035805 1.9474791842 2.6682196832 
 
Table 35.  Cartesian Coordinates for Geometry Optimized trans-CpW(PMe3)2(CO)H 
trans-CpW(PMe3)2(CO)H 
ESCF = -1297.83137089305 Hartrees 
G = -1297.323809 Hartrees 
atom x y z 
W 0.6562796228 2.6847780582 1.4149311205 
P 2.2751075640 4.3854968119 2.0357951285 
O 3.2068408303 1.4034572646 0.1440620087 
C -0.7675954835 4.3930479312 0.4901311540 
H -0.5631083915 5.4504824544 0.5953025138 
C -0.2955086568 3.5469944541 -0.5630245280 
H 0.3110005668 3.8531057637 -1.4038943633 
C 3.7797705324 3.8538637318 2.9719406108 
H 4.4427491654 4.7017802422 3.1787838307 
H 4.3200099468 3.1043971128 2.3877209249 
H 3.4688543880 3.3989442699 3.9160396165 
98 
C 3.0487327466 5.3282054383 0.6368306898 
H 3.7584003400 6.0811801786 0.9974222461 
H 2.2692999434 5.8262671331 0.0524952019 
H 3.5696576638 4.6254446421 -0.0194723913 
C -1.6088910308 3.6257245365 1.3430725911 
H -2.1157345910 3.9846128421 2.2286635594 
C -1.6487396643 2.2976460973 0.8343787253 
H -2.2306569792 1.4839092550 1.2469737115 
C -0.8451867265 2.2399576745 -0.3482933086 
H -0.7271368794 1.3841909257 -0.9981690231 
C 2.2428516018 1.8906996316 0.6435579453 
P 0.6808373297 0.5983340445 2.6578013020 
C 1.6814059741 5.7776806264 3.1113284668 
H 2.4838488613 6.4931544247 3.3223116360 
H 1.3058982739 5.3659023902 4.0519372598 
H 0.8583938578 6.3036645132 2.6188002017 
H 0.7217106760 2.9412552741 3.1448753356 
C -0.5881424832 0.3869722582 3.9967019889 
C 2.2218449757 0.1530445412 3.5794904344 
C 0.4069358469 -0.9470218277 1.6673264626 
H 1.1906784892 -1.0258002460 0.9086953054 
H -0.5582892640 -0.8903216463 1.1553168859 
H 0.4223608154 -1.8425793174 2.2984789649 
H -1.5931678564 0.4802160462 3.5750315123 
H -0.4574579873 1.1784316282 4.7395492709 
H -0.4979297103 -0.5892344555 4.4857863387 
99 
H 2.4289697297 0.9284016735 4.3216829315 
H 3.0598847766 0.1115467186 2.8788812425 
H 2.1207847703 -0.8146003734 4.0842103520 
 
Table 36.  Cartesian Coordinates for Geometry Optimized trans-[CpW(PMe3)2(CO)H2]+ 
trans-[CpW(PMe3)2(CO)H2]+ 
ESCF = -1298.24147702011 Hartrees 
G = -1297.72189 Hartrees 
atom x y z 
W 0.8027628390 2.6408424969 1.5320562849 
P 2.2338099980 4.6640550660 1.9927620792 
O 3.1517422038 1.3840910327 -0.1774832940 
C -0.5539160604 4.3190274163 0.5075425017 
H -0.3606800800 5.3799844699 0.5786831539 
C -0.0498097373 3.4404953398 -0.5021123287 
H 0.5797424902 3.7196165789 -1.3354126787 
C 3.8204470385 4.2948295748 2.8474435995 
H 4.3881116924 5.2162804134 3.0095140297 
H 4.4180917673 3.6077576042 2.2427847362 
H 3.6175288386 3.8241510271 3.8126174682 
C 2.7916505292 5.6182082923 0.5158985613 
H 3.4134609731 6.4642979605 0.8250600947 
H 1.9393084816 6.0026904308 -0.0496865426 
H 3.3783937368 4.9687187018 -0.1393857168 
C -1.4194064810 3.5820880123 1.3627101250 
H -1.9616814000 3.9735642113 2.2118855541 
100 
C -1.4537252480 2.2404521514 0.8906258076 
H -2.0657278562 1.4502840207 1.3017290889 
C -0.6120969965 2.1395526596 -0.2635164133 
H -0.4848457182 1.2666660408 -0.8881518848 
C 2.2937902540 1.8433308319 0.4523640761 
P 0.4506513525 0.4167709377 2.6634758349 
C 1.4835975220 5.9484443433 3.0805276977 
H 2.1846116650 6.7745211964 3.2354140020 
H 1.2342479955 5.5021353487 4.0463984154 
H 0.5660829344 6.3453891548 2.6389333382 
H 0.5578919612 3.0110152122 3.1990213984 
C -0.8047716965 0.3913079455 4.0118524052 
C 1.9444398371 -0.2614599275 3.4962079471 
C -0.0595415629 -0.9787450568 1.5697531130 
H 0.7024330903 -1.1408056698 0.8024511213 
H -1.0106035333 -0.7657967686 1.0754479919 
H -0.1716336349 -1.8961118458 2.1562442352 
H -1.7885197705 0.6781806953 3.6319211621 
H -0.5154274535 1.1051082650 4.7871190218 
H -0.8749539066 -0.6089152182 4.4505148772 
H 2.2819883400 0.4327701877 4.2697765126 
H 2.7498088304 -0.3917722322 2.7686497882 
H 1.7171455258 -1.2280939000 3.9561158555 
H 2.1509305751 2.2236352986 2.4924745326 
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Table 37.  Cartesian Coordinates for Geometry Optimized CpW(PMe3)3H 
CpW(PMe3)3H 
ESCF = -1645.59619624856 Hartrees 
G = -1644.960225 Hartrees 
atom x y z 
W 0.5962671162 2.7044611482 1.4237699340 
P 2.1676746232 4.3885367180 2.1763545594 
C -0.8028275913 4.3631514011 0.5115674475 
H -0.6492283507 5.4263124859 0.6379386308 
C -0.2851684845 3.5509166603 -0.5522732934 
H 0.2870679923 3.9067770770 -1.3985637209 
C 3.9034032006 4.0649499565 2.8106467444 
H 4.3806783994 4.9854725502 3.1679615272 
H 4.5290492366 3.6353854502 2.0232129232 
H 3.8517297790 3.3467790222 3.6343330822 
C 2.5701027749 5.7780218731 0.9865601263 
H 3.2298620369 6.5229993217 1.4459860425 
H 1.6433714313 6.2728891379 0.6818720428 
H 3.0508682273 5.3856604797 0.0876896533 
C -1.6497276575 3.5475357356 1.3176017663 
H -2.1797398958 3.8717999956 2.2028151700 
C -1.6604866426 2.2329167537 0.7790310146 
H -2.2373820280 1.3985343976 1.1547597328 
C -0.8204832842 2.2199583645 -0.3746351417 
H -0.6979119575 1.3829343501 -1.0471462959 
P 2.4757315599 1.6648439549 0.2046132736 
102 
P 0.6127423661 0.8193036634 2.9433257435 
C 1.5783249674 5.4288323847 3.6060166125 
H 2.2617015283 6.2597275128 3.8160087820 
H 1.4873652994 4.8005209947 4.4961221266 
H 0.5856737914 5.8248165729 3.3737280150 
H 0.2798296043 3.1443224229 3.0623724683 
C -0.8703481118 0.7515589718 4.0749438965 
C 1.9289902732 0.5842915532 4.2504985115 
C 0.5120923460 -0.9320488996 2.2898260334 
H 1.4031047196 -1.1839292290 1.7086839036 
H -0.3550020070 -1.0147412652 1.6268529657 
H 0.4075169790 -1.6626853170 3.1003676579 
H -1.7876651295 0.7029489913 3.4815240306 
H -0.9034759867 1.6646223738 4.6749430060 
H -0.8325711123 -0.1186001784 4.7399970642 
H 1.9635483792 1.4879812187 4.8662543788 
H 2.9080527734 0.4556370571 3.7834584298 
H 1.7212964312 -0.2798674158 4.8937468205 
C 3.8237333865 0.6941901545 1.0568214777 
C 3.5753636021 2.7230405981 -0.8828574508 
C 2.0229291936 0.4067387082 -1.1041490739 
H 4.1689578540 3.4098102512 -0.2742470116 
H 2.9517765840 3.3185110750 -1.5560759978 
H 4.2593527059 2.1092601041 -1.4804783210 
H 3.4076871648 -0.1969753305 1.5323030309 
H 4.2923375920 1.3059245069 1.8304841386 
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H 4.5886266892 0.3789714845 0.3379103211 
H 1.4373560565 0.8883088576 -1.8926824438 
H 1.4138367251 -0.3864431230 -0.6633006270 
H 2.9171579780 -0.0348066905 -1.5589890343 
 
Table 38.  Cartesian Coordinates for Geometry Optimized [CpW(PMe3)3H2]+ 
[CpW(PMe3)3H2]+ 
ESCF = -1646.0472834337 Hartrees 
G = -1645.397783 Hartrees 
atom x y z 
W 15.0609200365 9.0355682940 17.0244340419 
P 17.0147532381 9.8913731891 15.6818446897 
P 14.7691866691 8.5860730409 19.4685291957 
P 13.9471610851 11.3067246744 17.1826781318 
C 13.2621504601 8.6126710474 15.4541533542 
H 12.6286400241 9.3735364067 15.0224296954 
C 14.4435664670 8.1023756771 14.8655570821 
H 14.8559265234 8.4201860906 13.9175982437 
C 14.9732309057 7.0890510219 15.7184136276 
H 15.8433755850 6.4806142227 15.5223802632 
C 14.1008509861 6.9672559027 16.8489976169 
H 14.1715751577 6.2052262148 17.6111260341 
C 13.0328108373 7.9260061942 16.6854070894 
H 12.1626496568 8.0331916578 17.3156283001 
C 17.9113350946 8.5897629128 14.7205442095 
H 18.8049491877 9.0157060485 14.2538761256 
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H 17.2790660733 8.1710870948 13.9336243456 
H 18.2112524827 7.7836617612 15.3946123020 
C 18.3833416057 10.5716942892 16.7128762014 
H 19.2390525911 10.8414641895 16.0862733349 
H 18.6907048446 9.8189150221 17.4423370312 
H 18.0427489948 11.4566853699 17.2553803785 
C 16.8296989574 11.2128264608 14.3949813527 
H 17.7830002512 11.3857686970 13.8853148495 
H 16.5112971336 12.1514701660 14.8561567301 
H 16.0834213191 10.9222007900 13.6501369842 
C 13.1331221374 7.9554031071 20.0660267836 
H 13.1760660848 7.7702820647 21.1437804691 
H 12.8691501547 7.0183449224 19.5692605525 
H 12.3457124651 8.6871937101 19.8679253222 
C 15.9229758051 7.3040413133 20.1308503985 
H 15.7368835489 7.1204005373 21.1938448928 
H 16.9524763830 7.6454480745 19.9972144849 
H 15.8032460177 6.3689461418 19.5779879193 
C 15.0812751087 9.9579777950 20.6692222634 
H 14.9982005464 9.5889708018 21.6961752494 
H 14.3633739008 10.7703194155 20.5352233770 
H 16.0887215146 10.3538137009 20.5170320933 
C 13.3882773121 12.1404042238 15.6188560425 
H 13.0430541225 13.1560829310 15.8374538308 
H 12.5583987731 11.5917060950 15.1665002371 
H 14.2020236486 12.1920008647 14.8934440646 
105 
C 14.9555446785 12.6595406876 17.9380019947 
H 14.3739780496 13.5845491308 17.9997654438 
H 15.8434244712 12.8456754719 17.3279296517 
H 15.2854915769 12.3758137130 18.9390349543 
C 12.3688117787 11.4302296500 18.1508427659 
H 11.9681373185 12.4484464594 18.1160234042 
H 12.5330798240 11.1550409941 19.1949630460 
H 11.6236681724 10.7482222856 17.7310096299 
H 16.4779846964 8.2117560515 17.5191466416 
H 16.0459114610 10.0384469926 17.9966477549 
 
Table 39.  Cartesian Coordinates for Geometry Optimized CpW(CO)3(O2CH) (Distal) 
CpW(CO)3(O2CH) (Distal) 
ESCF = -790.85541751184 Hartrees 
G = -790.525463 Hartrees 
atom x y z 
W 1.2835294158 7.7619752718 2.4200126677 
C 2.2872158093 5.7375414145 3.3624250880 
C 1.7014452308 5.4149818210 2.1092044820 
C 2.3825743754 6.1750641598 1.1032096330 
C 3.3800531638 6.9757071990 1.7559928627 
C 3.3075349726 6.7065751860 3.1617778449 
C -0.6359013957 7.7113064531 1.7915275455 
C 1.3666005564 8.9442085265 0.7935682839 
C 1.6833500880 9.5571346367 3.2504468087 
O -1.7204306017 7.6161230240 1.4079215802 
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O 1.4115494577 9.6280662609 -0.1405748337 
O 1.9865411440 10.5623338378 3.7312628122 
H 1.9388559071 5.3865182656 4.3241332376 
H 0.9042011252 4.7033212114 1.9440421060 
H 2.2143350512 6.1117554759 0.0368915648 
H 4.0967371544 7.6225213642 1.2689018457 
H 3.9346725104 7.1375882162 3.9299836252 
O 0.3009066792 7.4827022446 4.2932324403 
C -0.6067064653 8.1700676665 4.9551289033 
O -1.0401065821 7.8416933678 6.0432838402 
H -0.9607241275 9.0889074327 4.4442218269 
 
Table 40.  Cartesian Coordinates for Geometry Optimized [CpW(CO)3(O2CH)]‡ 
[CpW(CO)3(O2CH)]‡ 
ESCF = -790.80928067661 Hartrees 
G = -790.479019 Hartrees 
atom x y z 
W 0.5301258177 8.2568888994 3.0719437723 
C 1.7261628313 6.1011732312 3.8855088800 
C 1.0456100215 5.8750389632 2.6623842684 
C 1.6233691418 6.7352122997 1.6719312939 
C 2.6217455700 7.5323319661 2.3163816960 
C 2.6527855794 7.1580959733 3.6997777889 
C -1.3645012680 8.1840188560 2.3804019922 
C 0.6178700974 9.4379582864 1.4776925756 
C 0.9711693594 10.0489642576 3.8884358633 
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O -2.4278363498 8.0978061080 1.9376496337 
O 0.6671459689 10.1294429776 0.5483924451 
O 1.2888468575 11.0655225719 4.3355763890 
H 1.4972574326 5.6264426524 4.8275465059 
H 0.2735446077 5.1371234877 2.4913298950 
H 1.3944772815 6.7324671087 0.6149070008 
H 3.2820040642 8.2397876261 1.8333872381 
H 3.3134741787 7.5641200115 4.4537837468 
O -0.1248244871 7.2160209787 5.3676377970 
C -0.9398382303 8.1570083340 5.4687280671 
O -1.7698962094 8.5801987135 6.2343950010 
H -0.8548122369 8.8790490986 4.4419162749 
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As discussed in Chapter 1, formic acid is a promising chemical storage medium for 
hydrogen.1,2,3  Recently, nonprecious metal compounds have been explored as 
catalysts to release hydrogen from formic acid on demand (Scheme 1).4-8  Accordingly, 
we found that CpRMo(PMe3)3-x(CO)xH (R = H, Me; x = 1, 2, 3) could promote this 
transformation.9  However, we also sought to investigate catalysts containing the more 
abundant and low-cost first row transition metal, Ni.  We found that various Ni 
complexes containing PMe3 and/or 1,2-bis(diphenylphosphino)benzene (bppb) ligands 
could indeed catalyze formic acid dehydrogenation. 
 
 
Scheme 1.  Formic acid dehydrogenation reaction. 
 
2.2 Reactivity of Ni(PMe3)4 
Zerovalent trimethylphosphine complexes of the type M(PMe3)x are known for a variety 
of transition metals, e.g. Mo(PMe3)6, W(PMe3)6, Fe(PMe3)5, Os(PMe3)5, Co(PMe3)4, 
Ni(PMe3)4, Pd(PMe3)4, and Pt(PMe3)4.10  The PMe3 ligand, which is both a strong -
donor and a weak -acceptor, renders the metal centers electron-rich and, therefore, 
highly reactive.  For example, Ni(PMe3)411,12,13 and other zerovalent Ni phosphine 
compounds have been used for Si-H bond activation,14 Si-Si bond formation,15 and 
hydrosilation of both carbonyls16 and alkenes.17  They have also been employed in 
organic synthesis for C-halogen bond activation,18 C-C bond formation,18a,19 and C-S 
bond cleavage.20  Finally, Ni(PMe3)4 has been shown to activate O-H,21 S-S,22 and S-H 
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bonds.23  In view of such reactivity, we tested Ni(PMe3)4 with formic acid to see if 
hydrogen would be released.  
 
2.2.1 Dehydrogenation of Formic Acid 
Indeed, Ni(PMe3)4 catalyzes the dehydrogenation of formic acid at 80˚C with a turnover 
number (TON) of 70 and an initial turnover frequency (TOF) of 1.7 h-1, which was 
determined by 1H NMR spectroscopy using mesitylene as an internal standard.24,25  
This activity is modest in comparison to other nonprecious metal catalysts; for example, 
[{P(CH2CH2PPh2)3}FeH(H2)]BPh4 achieves a TOF of 335 h–1,4b,26,27 
[HN{CH2CH2(PPri2)}2]Fe(CO)H(O2CH) displays a TON of 983,642 with a TOF of 196,728 
h–1,4g Cp*Mo(PMe3)2(CO)H has a TOF of 54 h-1,5b and a bis(imino)pyridine Al complex, 
[PhI2P]AlH(THF), has a TOF of 5200 h–1.8  The only other nickel compound, namely [3-
C6H3(CH2PBut2)2]NiH, that has recently been reported to release H2 from formic acid 
has an initial TOF of 241 h–1.7,28  However, Ni(PMe3)4 can achieve the catalytic 
conversion in absence of a base, whereas [3-C6H3(CH2PBut2)2]NiH requires the 
presence of an amine (either Et3N or OctNH2) to achieve catalysis.7  
 
Ni(PMe3)4 is thought to effect the dehydrogenation reaction via a mechanism that 
involves (i) addition of formic acid to produce a Ni formate hydride species, (ii) loss of 
CO2 to form a dihydride, and (iii) elimination of hydrogen (Scheme 2).29  
Ni(PMe3)3(O2CH)H is one possible Ni formate hydride species that could occur, and it 
would be expected to exist in equilibrium with Ni(PMe3)2(O2CH)H.30  These 
compounds are thought to form by a sequence involving initial protonation of the metal 
center rather than direct oxidative addition of the O-H bond since a species tentatively 
identified as [Ni(PMe3)4H]+ can be observed by 1H NMR and 31P NMR spectroscopy 
upon treatment of Ni(PMe3)4 with formic acid at room temperature (1H NMR 
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(C6D6): -17.76 [s, 1H, NiH], 0.88 [s, 36H, Ni(PMe3)4].  31P{1H} NMR (C6D6): -20.11 [s]).21a  
In this regard, Ni(PMe3)4 has been shown to react with phenols to afford 
[Ni(PMe3)4H][OAr],21a and other diphosphine variants, e.g. [(dmpe)2NiH]+, can be 
produced by protonation with mild acids such as [NH4]+.31 
 
 
Scheme 2.  Possible mechanism for the dehydrogenation of formic acid by Ni(PMe3)4. 
 
Precedent for the subsequent loss of CO2 from Ni(PMe3)2(O2CH)H is provided by the 
observation that Ni(PCy3)2(O2CH)H undergoes exchange with 13CO2.32  Darensbourg 
proposed that this exchange occurred by a mechanism involving decarboxylation and 
the formation of an unstable dihydride intermediate, Ni(PCy3)2H2.33,34  It is also 
possible that the decarboxylation step could occur via five-coordinate 
Ni(PMe3)3(O2CH)H; however, the availability of a vacant coordination site in four-
coordinate Ni(PMe3)2(O2CH)H would be expected to facilitate the transformation.   
 
The final step, elimination of hydrogen from Ni(PMe3)2H2, could occur by reaction with 
formic acid.  This release could also occur via five-coordinate Ni(PMe3)3H2,35 which is 
anticipated to be in equilibrium with Ni(PMe3)2H2.30,34  Alternatively, the dihydride 
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species could undergo reductive elimination of hydrogen, which is not displayed in 
Scheme 2 for simplicity. 
 
2.2.2 DFT Calculations 
To investigate the feasibility of the proposed intermediates, Density Functional Theory 
(DFT) calculations were performed on the four-coordinate square-planar and five-
coordinate trigonal bipyramidal species (Figure 1).  The four-coordinate compounds, 
namely Ni(PMe3)2(O2CH)H and Ni(PMe3)2H2, are represented with a trans arrangement 
of PMe3 ligands.  Geometry optimization and single point energy determination of 
their cis counterparts shows that the cis isomers are higher in energy (ESCF) by 10.8 and 
2.2 kcal mol-1, respectively.  This is consistent with the fact that Pd and Pt dihydrides, 
M(PR3)H2, possess a trans arrangement of PR3 ligands,33 and that four-coordinate Ni 
compounds such as Ni(PMe3)2Me2 and Ni(PMe3)MeCl also adopt trans geometries.34,36,37  
Figure 1 also displays the formate ligands on the Ni formate compounds with a 
proximal confirmation in which the uncoordinated oxygen resides with a cis-like 
disposition relative to the metal, rather than a distal confirmation in which this oxygen 
adopts a trans-like disposition (Figure 2).  Distal-Ni(PMe3)2(O2CH)H and distal-
Ni(PMe3)3(O2CH)H are 12.0 and 7.1 kcal mol-1 (ESCF) higher in energy than their 




Figure 1.  Geometry optimized structures of proposed intermediates for 
decarboxylation of formic acid (methyl group hydrogen atoms are omitted for clarity). 
 
 
Figure 2.  Proximal and distal conformations of unidentate formate ligands.  
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Taking all of the relative energies into account, the lowest energy isomers of all the 
proposed intermediates in Scheme 2 are in fact energetically accessible (Table 1).  For 
example, it is 12.3 kcal mol-1 downhill to form Ni(PMe3)2(O2CH)H from Ni(PMe3)4 and 
formic acid.38  It is only 13.0 kcal mol-1 uphill for Ni(PMe3)2(O2CH)H to undergo 
decarboxylation and form Ni(PMe3)2H2. 
 
Table 1.  G values of intermediates (kcal mol–1) relative to Ni(PMe3)4 + ½(HCO2H)2 in 
the gas phase. 
 x = 3 x = 2 
Ni(PMe3)x(O2CH)H + (4 – x) PMe3 –3.4 –12.3 
Ni(PMe3)xH2 + CO2 + (4 – x) PMe3 8.6 0.8 
 
 
2.3 Reactivity of Nickel Formate Compounds 
In view of the fact that one step in the dehydrogenation of formic acid by Ni(PMe3)4 is 
proposed to involve decarboxylation of a Ni formate intermediate, we sought to 
examine if PMe3 could induce decarboxylation in other Ni formate species.39  This 
transformation is of interest since the reverse reaction, insertion of CO2 into a metal 
hydride bond, is more commonly observed.40  However, exchange studies using 13CO2 
provide evidence for decarboxylation of formate species; examples include 
[M(CO)5(O2CH)]- (M = Cr, Mo, W)40a and Ni(PCy3)(O2CH)H (vide supra).32  
Additionally, some metal formate compounds, e.g. Re(PMe3)4(CO)(O2CH),40c 
M(dppp)(CO)3(O2CH) (M = Mn, Re),41 CpRe(NO)(PPh3)(O2CH),42 
Fe(dmpe)2(O2CH)2,40f CpMo(PMe3)2(CO)(O2CH),5b and [PR2OCOPR2]Ni(O2CH),40m,n are 
127 
known to dissociate CO2 at either elevated temperatures or upon removal of the CO2 
atmosphere. 
 
2.3.1 Reactivity of Ni(O2CH)2•2H2O with PMe3 
To test the ability of PMe3 to induce decarboxylation of a related Ni formate species, 
PMe3 was added to a benzene suspension of Ni(O2CH)2•2H2O.  Upon heating to 60˚C, 
Ni(PMe3)4 was produced with concomitant release of CO2 and H2 (Scheme 3).  In the 
solid state, Ni(O2CH)2•2H2O is known to feature an extended structure with bridging 
formate ligands.43  This renders the compound insoluble and difficult to break up, 
even in the presence of PMe3, which is relatively sterically unhindered compared to 
other phosphines.  Thus, we investigated a more well-defined, “molecular” Ni formate 
complex to see if it could undergo this reaction at a lower temperature. 
 
2.3.2 Reactivity of Ni(py)4(O2CH)2 with PMe3 
Significantly, the addition of PMe3 to a suspension of Ni(py)4(O2CH)244 in benzene 
resulted in the release of CO2 and H2 as well as the formation of Ni(PMe3)4 at room 
temperature (Scheme 3). 
 
 
Scheme 3.  Synthesis of Ni(PMe3)4 from Ni formate complexes. 
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The ability to produce Ni(PMe3)4 from Ni(O2CH)2•2H2O or Ni(py)4(O2CH)2 is not only 
of fundamental interest due to the fact that these compounds undergo formal 
decarboxylation, but also due to the synthetic utility for making Ni(PMe3)4.  Ni(PMe3)4 
was first reported in 1970 by Tolman12 and by Klein and Schmidbaur.13  Specifically, 
the synthesis described by Tolman involves the reaction of bis(1,5-
cyclooctadiene)nickel(0) [Ni(COD)2] with PMe3.  Although commercially available, the 
synthesis of Ni(COD)2 involves the use of harsh alkylmetal or alkali metal reagents.45  
The synthesis described by Klein and Schmidbaur involves (i) reduction of Ni(II) salts 
by PMe3 in basic aqueous solution and (ii) the reaction of (Me3P)2NiCl2 with aqueous-
alcoholic solutions of either KOH or NaOSiMe3; in both cases, Me3PO is formed as a 
byproduct, and the latter reactions are also accompanied by the formation of NiX2 (X = 
OH, OSiMe3).  Alternative syntheses have since been reported, including (i) the 
reaction of Ni(PMe3)2Me2 with PMe3,34 (ii) the reduction of NiCl2 by Na(Hg) in the 
presence of PMe3,46 and (iii) the co-condensation of nickel atoms with PMe3 via metal-
vapor synthesis techniques.47  However, these reactions require (i) the preparation of 
Ni(PMe3)2Me2 as a starting material, (ii) the use of mercury and an alkali metal 
reductant, or (iii) highly specialized metal-vapor synthesis equipment.  In contrast, the 
direct synthesis from Ni(O2CH)2•2H2O does not involve the preparation of any starting 
material,48 does not involve any harsh reagents, and produces easily-removable CO2, 
H2, and H2O as byproducts. 
 
2.3.3 DFT Calculations 
To further explore the decarboxylation of Ni(O2CH)2•2H2O and see how it relates to the 
decarboxylation of formic acid, we investigated the mechanism of this reaction using 
DFT calculations.  A plausible sequence involves the initial coordination of PMe3 to 
form Ni(PMe3)2(O2CH)2.  Two decarboxylation events would subsequently form 
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Ni(PMe3)2(O2CH)H and Ni(PMe3)2H2, the latter of which would be expected to release 
H2 in the presence of PMe3 to produce Ni(PMe3)4 (Scheme 4).  The geometry optimized 
structures for Ni(PMe3)2(O2CH)H and Ni(PMe3)2H2 were given in Figure 1, and the 
geometry optimized structure for Ni(PMe3)2(O2CH)2 is displayed in Figure 3.  As with 




Scheme 4.  Possible mechanism for the synthesis of Ni(PMe3)4 from Ni(O2CH)2•2H2O. 
 
 
Figure 3.  Geometry optimized structure of Ni(PMe3)2(O2CH)2 (methyl group 
hydrogen atoms are omitted for clarity). 
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Precedent for this mechanism is provided by the observation that (i) the 
tricyclohexylphosphine counterpart, Ni(PCy3)2(O2CH)H, is a known compound and (ii) 
Ni(PCy3)2(O2CH)H undergoes facile reverse decarboxylation to generate Ni(PCy3)2H2 
(vide supra).32  Additionally, the energies determined by DFT calculations support the 
feasibility of such a mechanism.  For example, decarboxylation of Ni(PMe3)2(O2CH)2 is 
thermodynamically (G) downhill by 2.4 kcal mol-1, while decarboxylation of 
Ni(PMe3)2(O2CH)H is only uphill by 13.0 kcal mol-1.  Subsequent dissociation of H2 
and formation of Ni(PMe3)4 from Ni(PMe3)2H2 is downhill by 7.7 kcal mol-1. 
 
Thus, Ni(O2CH)2•2H2O can be used as the starting material for a convenient synthesis 
of Ni(PMe3)4.  Mechanistically, this transformation is linked to the ability of PMe3 to 
induce decarboxylation of formic acid.  The DFT calculations support the mechanism 
outlined in Scheme 4, which involves two sequential decarboxylation steps followed by 
reductive elimination of hydrogen. 
 
2.4 Structural Characterization of [Ni(py)4] Compounds 
As discussed above, Ni(O2CH)2•2H2O adopts an extended structure with bridging 
formate ligands in the solid state, and elevated temperatures are required to induce 
decarboxylation and produce Ni(PMe3)4.43  Since we have proposed that the 
“molecular” nature of Ni(py)4(O2CH)2 plays a role in its ability to form Ni(PMe3)4 at 
room temperature, we sought to investigate the molecular structure of this compound.   
 
2.4.1 Structural Characterization of Ni(py)4(O2CH)2 
A large variety of compounds of the type M(py)4X2 have been reported, many of which 
crystallize as M(py)4X2•2py clathrates.  Such compounds maintain structural similarity 
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upon varying the M and X identities, and with guest molecules other than 
pyridine.44,50-55  Here, we have structurally characterized the Ni(py)4(O2CH)2•2py 
derivative (Figure 4).  As observed for other M(py)4X2•2py compounds,50 the structure 
of Ni(py)4(O2CH)2•2py features well-defined octahedral Ni(py)4(O2CH)2 units with 
pyridine occupying interstitial sites, rather than an alternative ionic formulation 
[Ni(py)6][O2CH]2.44  Additionally, the formate ligands clearly coordinate in a 
unidentate manner.56  Specifically, the Ni–O distances of 2.075(2) Å and 3.784(3) Å of 
the two crystallographically equivalent formate ligands differ by 1.71 Å,57 while the Ni–
O–C bond angles of 151.5(3)˚ and 53.1(2)˚ differ by 98.4˚.58  For comparison, metrical 
data for other monomeric nickel formate compounds are defined in Figure 5 and listed 
in Table 2.59-71 
 
 
Figure 4.  Molecular structure of Ni(py)4(O2CH)2•2py (only the host is shown). 
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Also of interest, the formate ligand adopts a proximal conformation (Figure 2).  These 
conformations may be defined more explicitly by the M-O-C-O torsion angle; || < 90˚ 
indicates a proximal formate, while|| > 90˚ indicates a distal formate.  The value of 
2.2˚ for Ni(py)4(O2CH)2 clearly falls into a proximal classification.  Not only is this 
consistent with the DFT results for Ni(PMe3)2(O2CH)2 and Ni(PMe3)x(O2CH)H (x = 2, 3), 
but it is also consistent with the classification of other structurally characterized Ni 
formate compounds.  Examination of the Cambridge Structural Database (CSD)72 
indicates that most other mononuclear nickel formate compounds also display formate 
ligands with a proximal conformation (Table 2).  Those that do adopt a distal 
conformation, namely (phen)Ni(O2CH)2(OH2),59 (ImMe)2Ni(O2CH)2(OH2)260 and 
(ImMe2)2Ni(O2CH)2(OH2)2,60 exhibit hydrogen bonding between the uncoordinated 
oxygen atom and other molecules in the lattice.  Further examination of the CSD 
reveals that 59% of all terminal metal formate compounds also possess a proximal 
conformation (Figure 6).  Moreover, the average || values for the two classes are 6.8˚ 




Figure 5.  Definitions of select carboxylate metrical data. 
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Table 2.  Metrical data for selected mononuclear nickel formate compounds. 
Compound d1/Å d2/Å d/Å 1/˚ 2/˚ /˚ || Ref 

















(ImMe)2Ni(O2CH)2(OH2)2 2.082 4.189 2.107 129.4 16.5 112.9 170.5 60 
(ImMe2)2Ni(O2CH)2(OH2)2 2.071 4.165 2.094 126.2 15.4 110.8 162.5 60   
[NEt4][(NNNMes)Ni(O2CH)] 1.856 2.858 1.002 114.3 67.5 46.8 0.0 61 
[(N4)Ni(O2CH)(OH2)][ClO4] 2.001 3.296 1.295 127.3 62.8 64.5 7.2 62 
[NMe2CNMe2]Ni(O2CH) 1.936 3.126 1.190 122.9 65.0 57.9 2.9 63,64 
[PPri2NPPri2]Ni(O2CH) 1.893 3.004 1.111 117.2 64.8 52.4 0.9 65 
[PPri2CPPri2]Ni(O2CH) 1.914 3.135 1.221 123.2 64.1 59.1 2.4 66 
[PBut2CPBut2]Ni(O2CH) 1.928 3.338 1.410 132.6 59.0 73.6 7.6 67 
















[PBut2OCOPBut2]Ni(O2CH) 1.920 3.270 1.350 129.4 61.0 68.44 1.2 69 
[PBut2OCsp3OPBut2]Ni(O2CH) 1.945 3.195 1.250 125.0 63.6 61.4 1.5 70  





















Figure 6.  Distribution of proximal and distal metal formate compounds as classified 
by the magnitude of the M–O–C–O torsion angle. 
 
The structure of Ni(py)4(O2CH)2•2py that is displayed in Figure 4 was determined 
using the monoclinic space group C2/c.  However, the unit cell  angle of 90.076(3)˚ is 
sufficiently close to 90˚ that the crystal could be assigned to an orthorhombic crystal 
system.  Interestingly, an orthorhombic Ccca unit cell for Ni(py)4(O2CH)2•2py has 
previously been reported,73 although this assignment was not confirmed by a 
determination of the molecular structure.  Therefore, we also evaluated 
Ni(py)4(O2CH)2•2py in Ccca.74  In this space group, the formate ligands are disordered 
(Figure 7) and the R values are significantly higher than the R value for the C2/c 
solution (Table 3).  In addition to refining the formate ligands as disordered, the Ccca 
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structure may also be refined with the oxygen residing on the axis, as has been reported 
for nitrate and nitrite derivatives (Figure 8).75,76  However, this is even less satisfactory 
than the disordered solution (Table 3).  Thus, Ni(py)4(O2CH)2•2py is an example of a 
monoclinic crystal where the unit cell  angle is close to 90˚.77  Though uncommon, the 
CSD does list 3,276 monoclinic entries with a  angle in the range 90.0˚ to 90.1˚, which 
corresponds to 0.8% of all monoclinic entries. 
 
 
Figure 7.  Molecular structure of Ni(py)4(O2CH)2•2py (only the host is shown) refined 





Figure 8.  Molecular structure of Ni(py)4(O2CH)2•2py (only the host is shown) refined 
in the incorrect Ccca space group with the oxygen attached to nickel residing on the 
two-fold axis. 
 




[I > 2(I)] 
wR2  






C2/c 0.0435 0.0974 0.0675 0.1081 1.026 
Cccaa 0.0884 0.1981 0.1038 0.2042 1.231 
Cccab 0.0945 0.2048 0.1099 0.2114 1.209 
(a) refinement in which the formate ligand is disordered and the oxygen attached to 
nickel does not reside on a crystallographic two-fold axis. 
(b) refinement in which the formate ligand is disordered and the oxygen attached to 
nickel resides on a crystallographic two-fold axis. 
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2.4.2 Structural Characterization of Ni(py)4(O2NO)2 
While a variety of Ni(py)4X2•2py compounds have been structurally 
characterized,44,51,52a-d,54 it is particularly pertinent to compare the geometry of 
Ni(py)4(O2CH)2 with that of the nitrate derivative, Ni(py)4(ONO2)2, since both 
carboxylate56 and nitrate78 ligands can coordinate via unidentate and bidentate modes.  
Interestingly, while the Ni-O-C angle for Ni(py)4(O2CH)2 is bent (151.5(3)˚), the angle 
reported for Ni(py)4(O2NO) is 180.0˚.75  In addition to this difference in unidentate Ni-
O-X (X = C, N) bond angles being surprising, there is little precedent for linear metal 
nitrates.  Analysis of the CSD reveals that the mean M-O-N angle for metal nitrate 




Figure 9.  Distribution of M–O–NO2 bond angles for structurally characterized metal 
nitrate compounds listed in the Cambridge Structural Database. 
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In view of the unusual coordination mode of the nitrate ligand reported for 
Ni(py)4(ONO2)2•2py at 293 K,44,75 we considered it worthwhile to investigate the 
structure at a lower temperature, especially because the nitrate ligand was characterized 
by large atom displacement parameters.75,79 Significantly, data collected at 240 K 
resulted in a well-defined structure that features a non-linear coordination (141.72(10)˚) 
of the nitrate ligand (Figure 10).  
 
 
Figure 10.  Molecular structure of Ni(py)4(ONO2)2•2py (only the host is shown). 
 
Interestingly, the Ni center in Ni(py)4(ONO2)2•2py is somewhat displaced from the 
nitrate plane, as indicated by the Ni–O–N–O torsion angles of 79.5˚ and 103.9˚.  
Examination of the CSD indicates that most torsion angles for metal nitrate compounds 
are close to either 0˚ or 180˚ (Figure 11), indicating that the metal commonly resides in 
the plane of the nitrate ligand.  However, precedent for the type of nitrate coordination 
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mode observed in Ni(py)4(ONO2)2•2py is provided by its copper counterpart, 
Cu(py)4(ONO2)2•2py, which is isomorphous (Pnna) with Ni(py)4(ONO2)2•2py.80-82  
Furthermore, the cadmium complex, Cd(py)4(ONO2)2•2py, displays this same 
coordination mode for the nitrate ligands in two different crystalline modifications 
(Pcca and Ccca).50,83-85  With respect to the existence of multiple crystalline forms, 
compounds of the class M(py)4(ONO2)2•2py are known to undergo temperature 
dependent phase changes in the solid state;51b,83,84 in this regard, a variety of different 
crystalline forms have been identified.86 
 
 
Figure 11.  Distribution of M–O–N–O torsion angles for metal nitrate compounds. 
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Table 4.  Unit cell data for different crystalline forms of M(py)4(ONO2)2•2py. 
M a/Å b/Å c/Å /˚ Space 
Group 
Ref 
Mg 12.081 15.146 17.222 90 Ccca 54 
Mn 12.097 15.197 17.213 90 Ccca 88 
Co 12.012 15.120 17.169 90 Ccca 44 
Ni 14.809 11.866 17.193 90 Pnna this work 
Ni 12.148 15.019 16.960 90 Ccca 75 
Ni 12.127 14.985 16.920 90 Ccca 44 
Cu 14.601 12.420 16.838 90 Pnna 80 
Cu 14.446 12.154 16.881 90 Pnna 81 
Cu 12.708 14.792 16.670 90 Ccca 50 
Cu 12.523 14.792 16.894 90 Ccca 44 
Zn 12.108 14.996 17.113 90 Ccca 87 
Zn 12.111 15.110 17.200 90 Ccca 44,53 
Cd 11.953 15.129 17.234 90 Pcca 83 
Cd 12.360 15.456 16.931 90 Ccca 83 
Cd 12.330 15.470 17.050 90 Ccca 44,53 
Hg 12.189 34.295 29.934 90.02 P21/n 55 
 
In view of the existence of these different crystalline forms for M(py)4(ONO2)2•2py, we 
reevaluated Ni(py)4(ONO2)2•2py as the previously reported C-centered polymorph 
(Ccca)75 that has similar cell dimensions to that reported here (Table 4).  Interestingly, a 
solution that corresponds closely to the previously reported Ccca structure75 can be 
obtained (Figure 12).  In both cases, the nitrate ligands are linear and the atoms of the 
nitrate ligand are characterized by abnormal displacement parameters.  These features 
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are a consequence of the fact that, in Ccca, the molecule resides on a site with 222 
symmetry, whereas in Pnna the molecule resides on a site with only 2.. symmetry.  
Whereas the asymmetric unit of Ni(py)4(ONO2)2 in Pnna corresponds to half of a 
molecule on a two-fold axis, that in Ccca corresponds to a quarter of a molecule on three 
two-fold axes.  The presence of these additional two-fold axes in the Ccca structure 
forces the nitrate ligands to appear to adopt positions that are consistent with the extra 
symmetry.  As such, the Ni–O–N bonds reside on a two-fold axis and give the 
appearance of a linearly coordinated nitrate ligand.  Since the atoms of the nitrate 
ligands are not actually located in these positions, the atoms are associated with large 
atom displacement parameters.  A more appropriate model in the Ccca space group is 
one in which the nitrate ligands are modeled as disordered groups with the oxygen 
atom bound to Ni off of the symmetry axis.  The result of this refinement is illustrated 




Figure 12.  Molecular structure of Ni(py)4(ONO2)2•2py (only the host is shown) 
refined in the incorrect Ccca space group with the oxygen attached to nickel residing on 
the two-fold axis. 
 
Figure 13.  Molecular structure of Ni(py)4(ONO2)2•2py (only the host is shown) 
refined in the incorrect Ccca space group with the oxygen attached to nickel residing off 
the two-fold axis. 
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Comparison of the original Pnna structure in Figure 10 with the Ccca molecular 
structures depicted in Figure 12 and Figure 13 clearly indicates that the Pnna structure 
corresponds to the best solution.  The R values and goodness-of-fits (Table 5) support 
this assessment.  Furthermore, there are systematic absence violations for the Ccca 
refinements, which is a clear indication that the crystal investigated is not C-centered, 
but primitive. 
 




[I > 2(I)] 
wR2  






Pnna 0.0387 0.1018 0.0623 0.1170 1.022 
Cccaa 0.1208 0.2671 0.1493 0.2832 1.094 
Cccab 0.0985 0.1935 0.1253 0.2046 1.266 
(a) refinement in which the nitrate ligand is disordered and the oxygen attached to 
nickel resides on a crystallographic two-fold axis. 
(b) refinement in which the nitrate ligand is disordered and the oxygen attached to 
nickel does not reside on a crystallographic two-fold axis. 
 
Since our Ccca structure with a linear nitrate ligand was found to be incorrect, we 
wanted to more closely examine the other linear nitrates in the CSD.  Only 10 such 
compounds have been reported to possess M–O–N bond angles of 180˚, corresponding 
to only 0.2%of all metal nitrates.  Of these, 3 are M(py)4(ONO2)2•2py derivatives, 
namely Ni(py)4(ONO2)2•2py,75 Zn(py)4(ONO2)2•2py,87 and Mn(py)4(ONO2)2•2py,88,89 
which, as discussed above, are unlikely to represent an accurate description of the 
coordination mode.90  Other examples also exhibit large atom displacement 
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parameters for the nitrate ligand;91-94 as such, it is questionable that the nitrate truly 
corresponds to a linear geometry.  Only one compound with a linear M–O–NO2 unit 
exhibits well-behaved atom displacement parameters for the nitrate ligand; in this case, 
the uncoordinated oxygen atoms are involved in hydrogen bonding interactions that 
serve to enforce linear coordination at the Ca center.95 Therefore, in the absence of other 
overriding factors, caution should be exercised in proposing metal nitrate compounds 
that feature a linear M–O–NO2 moiety. 
 
While both Ni(py)4(O2CH)2•2py and Ni(py)4(O2NO)2•2py were found to possess X 
ligands (X = O2CH, O2NO) with a non-linear geometry, these compounds had some 
surprising differences.  Despite the fact that both had previously been reported with 
Ccca unit cells, Ni(py)4(O2CH)2•2py is best represented in the monoclinic space group 
C2/c with a  angle of 90.076(3)˚ very close to 90˚, and Ni(py)4(O2NO)2•2py is best 
represented in the primitive space group, Pnna.  Most importantly, 
Ni(py)4(O2CH)2•2py was indeed found to be a “molecular” species, in contrast to 
Ni(O2CH)2•2H2O, which is characterized by a network of bridging formate ligands.43  
This likely plays a factor in the increased reactivity of Ni(py)4(O2CH)2•2py towards 
PMe3-induced decarboxylation relative to Ni(O2CH)2•2H2O. 
 
2.5 Synthesis and Structural Characterization of [(bppb)Ni] Compounds 
Since Ni(PMe3)4 exhibits reactivity towards formic acid (vide supra), we sought to 
investigate the reactivity of other zerovalent Ni phosphine complexes.  Based on the 
fact that proposed intermediates in Ni(PMe3)4-catalyzed formic acid dehydrogenation 
involved at least two PMe3 ligands, we examined compounds containing a 2-chelating 
phosphine.  In particular, 1,2-bis(diphenylphosphino)benzene (bppb) is of interest 
since there is only one zerovalent (bppb)Ni compound listed in the CSD;72,96 all other 
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reported (bppb)Ni compounds are divalent.97  A benzene suspension of 
Ni(O2CH)2•2H2O and bppb was heated to 100˚C in the hopes of inducing 
decarboxylation and forming (bppb)2Ni; however, there was no reaction.  Therefore, 
Ni(PMe3)4 was used as a starting material for [(bppb)Ni] compounds.  This proved 
effective for the formation of (bppb)2Ni, and also for the synthesis of a series of 
heteroleptic compounds, (bppb)Ni(CO)x(PMe3)2-x (x = 0, 1, 2). 
 
2.5.1 Synthesis and Structural Characterization of (bppb)Ni(PMe3)2 
The heteroleptic bisphosphine-phosphine complex, (bppb)Ni(PMe3)2, was synthesized 
by the addition of bppb to a slight excess of Ni(PMe3)4 in benzene (Scheme 5).  The 
remaining Ni(PMe3)4 could be removed by washing the crude solid with acetonitrile.  
Only a few structures containing both a chelating 2-P2 ligand and two 1-P1 ligands 
appear in the CSD, and they are listed in Table 6.98-106  One such compound, (2-
dppm)Ni(1-dppm)2, is in equilibrium with its (2-P2)2Ni counterpart, (dppm)2Ni, in 
solution.100  Because of the relative affinity of such 2-P2 ligands for the nickel center 
due to the chelate effect, there is an abundance of homoleptic (2-P2)2Ni 
structures.96,107,108  Accordingly, excess Ni(PMe3)4 is necessary to ensure minimal 
formation of (bppb)2Ni.96,109  However, the isolated heteroleptic compound, 
(bppb)Ni(PMe3)2, is stable in benzene even after several days of heating at 100˚C. 
 
 
Scheme 5.  Synthesis of (bppb)Ni(PMe3)2. 
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The new compound (bppb)Ni(PMe3)2 has been characterized by X-ray diffraction 
(Figure 14).  The Ni center forms a distorted tetrahedron with a 4 parameter110 of 0.86 
and a  parameter111 of 0.85 (Figure 15).  These values are lower than expected for a 
tetrahedron (1.0), and are in fact closer to those for a trigonal pyramid (0.85), due to the 
constraints induced by the small P-Ni-P bond angle imposed by the rigid chelating 
ligand (91.23(2)˚).112  The other structurally characterized (2-P2)Ni(1-P1)2 compounds 
have 2-P2 ligands with a wide range of bond angles (73.59(2)˚—110.32(4)˚) and, 
accordingly, have a wide range of 4 (0.81—0.96) and  (0.80—0.96) values, despite all 
appearing as distorted tetrahedra (Table 6).     
 
 




Figure 15.  Definitions of the four-coordinate geometry indexes, 4110 and ,111 where  
and  are the two largest angles at the four-coordinate center. 
 
Table 6.  P-Ni-P bond angles and 4110 and 111 values for structurally characterized 
(2-P2)Ni(1-P1)2 compounds. 
 P-Ni-P bond 
angle/˚
4  Ref 
(bppb)Ni(PMe3)2 91.23(2) 0.86 0.85 this work 
[HN(PPh2)2]Ni(PPh3)2•(OPPh3)  73.59(2) 0.89 0.87 98 
[HN(PPh2)2]Ni(PPh3)2•0.5(OEt2)  74.023(17) 0.81 0.80 99 
(2-dppm)Ni(1-dppm)2  77.43(2) 0.89 0.88 100 
[Co(5-C5H4PPh2)2]Ni(PMe3)2  110.32(4) 0.96 0.96 101 
 110.21(4) 0.96 0.95  
[Fe(5-C5H4PPh2)2]Ni(PMe3)2  109.04(11) 0.96 0.96 101 
 109.53(11) 0.96 0.96  
(dppe)Ni(PPh3)2  91.44(4) 0.90 0.89 102 
(dppf)Ni[P(OPh)3]2  107.68(8) 0.93 0.90 103 
[PCHP]Ni(PMe3)2  106.83(4) 0.94 0.92 104 
[POCOP]Ni(PMe3)2  119.50(3) 0.92 0.85 105 
(BINAP)Ni[P(OPh)3]2  94.51(4) 0.86 0.81 106 
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2.5.2 Synthesis and Structural Characterization of (bppb)Ni(CO)2 
Since varying the number of PMe3 ligands relative to CO affected the reactivity of 
cyclopentadienyl Mo hydrides (Chapter 1),9 we sought to introduce CO into this Ni 
system.  When a solution of (bppb)Ni(PMe3)2 was heated to 60˚C under 1 atm. of CO, 
ligand exchange did occur.  However, both (bppb)Ni(CO)(PMe3) and (bppb)Ni(CO)2 
were produced (Scheme 6), and extended heating of the reaction resulted in 
decomposition to (bppb)2Ni.  To avoid this mixture of products, (bppb)Ni(CO)2 can 








Scheme 7.  Synthesis of (bppb)Ni(CO)2. 
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The dicarbonyl complex, (bppb)Ni(CO)2, was characterized by X-ray diffraction (Figure 
16).114  An interesting feature of the structure of (bppb)Ni(CO)2 is that there are two 
molecules in the asymmetric unit.  One displays staggered phenyl groups, while in the 
other, the phenyl groups are eclipsed (Figure 17).  The staggered isomer had a 4 
parameter of 0.93, while the eclipsed isomer had a 4 parameter of 0.92, suggesting that 








Figure 17.  Staggered (left) and eclipsed (right) conformations of (bppb)Ni(CO)2. 
 
 
2.5.3 Synthesis and Structural Characterization of (bppb)Ni(CO)(PMe3) 
While (bppb)Ni(CO)(PMe3) cannot be selectively synthesized from (bppb)Ni(PMe3)2 
and CO, it can be obtained by heating a solution of (bppb)Ni(CO)2 in the presence of 
PMe3 (Scheme 8).  Thus, the complete family of (bppb)Ni(CO)x(PMe3)2-x (x = 0, 1, 2) 




Scheme 8.  Synthesis of (bppb)Ni(CO)(PMe3). 
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The mixed compound, (bppb)Ni(CO)(PMe3), has also been characterized by X-ray 
diffraction.  This is the first example of a structurally characterized mononuclear (2-
P2)Ni(CO)(1-P1) complex.115,116  Interestingly, it crystallized in two different forms, 
(bppb)Ni(CO)(PMe3) (Figure 18) and (bppb)Ni(CO)(PMe3)•0.5C6H6 (Figure 19).  The 
Me3P-Ni-CO angles are 104.86(19)˚ and 112.11(4)˚, respectively, showing that packing 
effects can play a role in the geometry at the Ni center.  Despite the significant 
difference in Me3P-Ni-CO angles, however, both compounds are essentially tetrahedral.  
The 4 parameters and other data are given in Table 7. 
 
 




Figure 19.  Molecular structure of (bppb)Ni(CO)(PMe3)•0.5C6H6 (only the host is 
shown). 
 
2.5.4 Synthesis and Structural Characterization of (bppb)2Ni 
The homoleptic compound, (bppb)2Ni, was readily synthesized from (bppb)Ni(PMe3)2 
and bppb.  It can also be synthesized directly from Ni(PMe3)4, but the reaction 
proceeds more cleanly if the (bppb)Ni(PMe3)2 is isolated first.  (bppb)2Ni has been 
structurally characterized.  As with (bppb)Ni(CO)(PMe3), several polymorphs were 
observed, namely (bppb)2Ni (Figure 20),96 (bppb)2Ni•0.5C6H6 (Figure 21) and 





Scheme 9.  Synthesis of (bppb)2Ni. 
 
 




Figure 21.  Molecular structure of (bppb)2Ni•0.5C6H6 (only the host is shown). 
 
 
Figure 22.  Molecular structure of (bppb)2Ni•C6H6 (only the host is shown). 
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Geometrical parameters for all three structures of (bppb)2Ni as well as the structures of 
(bppb)Ni(CO)x(PMe3)2-x (x = 0, 1, 2) are given in Table 7.  The 4 parameters (0.72—
0.93) and  parameters (0.70—0.93) for these compounds vary widely despite a small 
range of bppb-Ni bond angles (87.49(3)˚—91.23(2)˚).  Additionally, despite the low 
values of both 4 and , all of these compounds appear to be distorted tetrahedra rather 
than trigonal pyramidal (Figure 23).  It is possible that the small bite angle of the bppb 
ligand causes the values to appear artificially low.  Also, as evidenced by the range of 
4 and  values, the packing of the phenyl groups on the bppb ligand can vary the 
geometry at the Ni center without causing it to deviate too far from tetrahedral.  
 
Table 7.  P-Ni-P bond angles and 4110 and 111 values for (bppb)Ni(CO)x(PMe3)2-x (x = 
0, 1, 2) and (bppb)2Ni. 
 P-Ni-P bond 
angle/˚
4  
(bppb)Ni(PMe3)2  91.23(2) 0.86 0.85 
(bppb)Ni(CO)(PMe3)  90.85(6) 0.86 0.85 
(bppb)Ni(CO)(PMe3)•0.5(C6D6)  90.56(2) 0.89 0.84 
(bppb)Ni(CO)2 (eclipsed)  89.95(6) 0.92 0.89 
(staggered) 90.02(6) 0.93 0.93 
(bppb)2Ni  87.49(3) 0.72 0.70 
 89.87(3)   
(bppb)2Ni•0.5(C6D6)  90.98(2) 0.80 0.76 
 90.51(2)   
(bppb)2Ni•(C6D6)  90.67(6) 0.82 0.81 




Figure 23.  Geometry about the Ni center for (bppb)2Ni (4 = 0.72 and  = 0.70).  Note 
that, despite low 4 and  values, the geometry appears more tetrahedral than trigonal 
pyramidal. 
 
2.6 Reactivity of [(bppb)Ni] Compounds 
Due to the ability of other nickel phosphine complexes to catalyze the electrochemical 
oxidation of formate117 as well as the ability of Ni(PMe3)4 to catalyze formic acid 
dehydrogenation, we sought to investigate the reactivity of these heteroleptic Ni 
phosphines, (bppb)Ni(CO)x(PMe3)2-x (x = 0, 1, 2), towards formic acid. 
 
2.6.1 Dehydrogenation of Formic Acid 
At room temperature, excess formic acid reacts readily with (bppb)Ni(PMe3)2 in 
benzene to form a species tentatively identified as [(bppb)Ni(PMe3)2H]+ by 1H NMR 
spectroscopy.  The hydride peak appears at -14.36 ppm in C6D6 [m, 2JH-P = 34, 2JH-P = 
47].  This hydride exchanges with the remaining formic acid, as confirmed by an EXSY 
NMR spectrum.  Two such (PR3)4NiH+ compounds have been structurally 
characterized and listed in the CSD.21a,118  However, the hydride ligand was not 
explicitly located in either structure, so the identities of these (P)4NiH+ compounds were 
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confirmed by 1H NMR spectroscopy.  A hydride peak for [(PPri2NPh2)2NiH][BF4] was 
observed at -11.2 ppm (CD3CN),118 while a hydride peak for [(PMe3)4NiH][OC6H4Cl] 
was observed at -17.24 ppm (d8-THF).21a  Additionally, a series of spectroscopically 
characterized [(bisphosphine)2NiH][PF6] compounds posess hydride peaks in the range 
of -12.87 to -14.33 ppm (CD3CN).31  The shift observed for [(bppb)Ni(PMe3)2H][HCO2], 
-14.36 ppm, is well within these values.  DFT calculations on the thermodynamic 
acidity and hydricity of such [(bisphosphine)2NiH]+ compounds further support their 
stability.107,119 
 
When a solution of [(bppb)Ni(PMe3)2H][HCO2] was heated at 60˚C in the presence of 
excess formic acid, there was indeed some catalysis.120  Though (bppb)Ni(PMe3)2 is 
able to effect dehydrogenation at a lower temperature than Ni(PMe3)4, it is only able to 
achieve a TON of 10 before it slows significantly (Figure 24).  At this point, there was 
significant rearrangement to Ni(PMe3)4, which is a less effective formic acid 
dehydrogenation catalyst (vide supra), and (bppb)2Ni, which is not a catalyst at all.  As 
the reaction proceeded, a small amount of (bppb)Ni(CO)(PMe3) was also observed; this 
is analogous to the ability of formic acid to react with CpRMo(PMe3)3H to form 
CpRMo(PMe3)2(CO)H (R = H, Me) (Chapter 1).9  Therefore, while (bppb)Ni(PMe3)2 is 
an effective catalyst for 10 turnovers at 60˚C, it is not stable enough in the presence of 




Figure 24.  Formic acid consumption by (bppb)Ni(PMe3)2 in C6D6.  Note that the 
reaction slows significantly after ca. 20 hours, which corresponds to a TON of 10. 
 
 
Since varying the number of PMe3 vs. CO ligands had a significant impact on the 
reactivity of CpRMo(PMe3)3-x(CO)xH (R = H, Me; x = 1, 2, 3) (Chapter 1),9 the reactivity 
of the full series of (bppb)Ni(CO)x(PMe3)2-x (x = 0, 1, 2) towards formic acid was 
investigated.  The monocarbonyl compound, (bppb)Ni(CO)(PMe3), was a poor formic 
acid dehydrogenation catalyst at 60˚C, so the temperature was elevated to 135˚C.  At 
this temperature, hydrogen was produced more quickly.  Additionally, methyl 
formate was observed, presumably from the disproportionation of formic acid to 
methanol followed by subsequent esterification.9  As with (bppb)Ni(PMe3)2, 
(bppb)Ni(CO)(PMe3) is oxidized upon extended heating with formic acid; some 
(bppb)Ni(CO)2 is produced.   
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Continuing the trend, the dicarbonyl compound, (bppb)Ni(CO)2 is even less reactive 
towards formic acid than (bppb)Ni(CO)(PMe3) or (bppb)Ni(PMe3)2.  No 
dehydrogenation, or even protonation, was observed up to 100˚C.  There are several 
differences in the reactivity trends displayed by this (bppb)Ni(CO)x(PMe3)2-x system 
compared to the trends for the CpRMo(PMe3)3-x(CO)xH system.  Whereas the mixed 
carbonyl compounds, CpRMo(PMe3)2(CO)H, were the most effective formic acid 
dehydrogenation catalysts in that series, the all-phosphine complex, (bppb)Ni(PMe3)2, 
was the most effective Ni compound.  Additionally, while the tricarbonyl Mo 
compounds, CpRMo(CO)3H, were by far the most selective for disproportionation, only 
the mixed Ni compound, (bppb)Ni(CO)(PMe3), was able to produce methyl formate.     
 
2.6.2 Silane Rearrangement 
Due to the history of Ni-based catalysts being used for silicon chemistry,14-17 the 
reactivity of this series of compounds was also tested with respect to silanes.  Heating 
a benzene solution of (bppb)Ni(PMe3)2 to 80˚C in the presence of excess PhSiH3 results 
in the production of Ph2SiH2 and H2, as identified by 1H NMR spectroscopy (Scheme 
10).  This reactivity is somewhat unexpected since previous reports of rearrangement 
of PhSiH3 involved the formation of SiH4,121 which is not detected for this system.  
Also, in contrast to the reactivity observed for other silanes,14,15 no Ni-silane complexes 





Scheme 10.  Reactivity of PhSiH3 towards (bppb)Ni(PMe3)2. 
 
In a similar reaction with the monocarbonyl compound, (bppb)Ni(CO)(PMe3), both 
Ph2SiH2 and the dehydrocoupling product, [PhH2Si]2, were produced (Scheme 11).  
Silane oligomers are of interest due to their electrical and optical properties.122,123  
Though these [(bppb)Ni] catalysts are not as effective as previously reported silane 
rearrangement and dehydrocoupling catalysts, it is of fundamental interest that a series 
of Ni compounds can effect these transformations since traditional dehydrocoupling 




Scheme 11.  Reactivity of PhSiH3 towards (bppb)Ni(CO)(PMe3). 
 
2.6.3 Hydrosilation of Ketones 
Another common class of silane reactions is the hydrosilation of alkenes and ketones, 
which is a promising method for the synthesis of organosilicon compounds.123a,125  
Zerovalent Ni compounds have previously been shown to effect this reaction,16,17 so we 
sought to investigate the reactivity of a [(bppb)Ni] compound.  Accordingly, when a 
benzene solution of (bppb)Ni(PMe3)2 is heated in the presence of both PhSiH3 and 
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acetone, a mixture of hydrosilation products results.  PhSiH2(OPri), PhSiH(OPri)2, and 
Ph2Si(OPri)2 are all observed (Scheme 12).  Though it is possible that the Ph2Si(OPri)2 
results from the hydrosilation of acetone by the Ph2SiH2 produced through 




Scheme 12.  Reactivity of PhSiH3 and acetone towards (bppb)Ni(PMe3)2. 
 
This is in marked contrast to reactions performed directly with Ph2SiH2 and acetone in 
which both the mono- and dihydrosilation products are produced (Scheme 13).  
Therefore, it is likely that the Ph2Si(OPri)2 formed in the reaction with PhSiH3 results 
from the rearrangement of PhSiH(OPri)2 and PhSiH3 by a similar mechanism to that 
which produces Ph2SiH2.126  Unfortunately, (bppb)Ni(PMe3)2 is unable to effect the 




Scheme 13.  Reactivity of Ph2SiH2 and acetone towards (bppb)Ni(PMe3)2. 
 
162 
2.7 Summary and Conclusions 
In conclusion, various zerovalent Ni phosphine complexes have been synthesized and 
shown to react with formic acid.  For example, Ni(PMe3)4 is able to catalyze its 
dehydrogenation to produce CO2 and H2.  The ability of the PMe3 ligand to induce 
decarboxylation is also useful for synthesis; PMe3 is able to react with Ni formate 
complexes to make Ni(PMe3)4 in a much simpler manner than the preparations 
previously reported.  In particular, Ni(py)4(O2CH)2 reacts with PMe3 at room 
temperature due to its molecular nature, which was confirmed here by X-ray 
crystallography.  Finally, a series of bisphosphine complexes, namely 
(bppb)Ni(CO)x(PMe3)2-x (x = 0, 1, 2), were synthesized from Ni(PMe3)4.  The 
heteroleptic phosphine complex, (bppb)Ni(PMe3)2 was found to be the most effective 
catalyst for formic acid dehydrogenation.  Additionally, these compounds were able to 
catalyze silane rearrangement, silane dehydrocoupling and hydrosilation. 
 
2.8 Experimental Details 
2.8.1 General Considerations 
All manipulations were performed using a combination of glovebox, high vacuum and 
Schlenk techniques under a nitrogen or argon atmosphere.128 Solvents were purified 
and degassed by standard procedures.  NMR spectra were measured on Bruker 300 
DRX and Bruker Avance 500 DMX spectrometers.  1H NMR spectra are reported in 
ppm relative to SiMe4 ( = 0) and were referenced internally with respect to the protio 
solvent impurity ( = 7.16 for C6D5H).129  When required for quantitative integration, 
1H NMR spectra were acquired with an extended d1 of 60 s and mesitylene was used as 
an internal standard.  13C NMR spectra are reported in ppm relative to SiMe4 ( = 0) 
and were referenced internally with respect to the solvent ( = 128.06 for C6D6).129  31P 
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NMR chemical shifts are reported in ppm relative to 85% H3PO4 ( = 0) and were 
referenced electronically by using the 1H resonance frequency of SiMe4.130  Coupling 
constants are reported in hertz.  Infrared spectra were recorded on a Nicolet iS10 
spectrometer and a Perkin Elmer Spectrum Two spectrometer, and are reported in 
reciprocal centimeters.  Ni(PMe3)4 was synthesized by a modified literature method 
based on that for W(PMe3)4(2-CH2PMe2)H.131  Ni(py)4(O2CH)2 was obtained by the 
literature method.44  Other chemicals were obtained from Sigma-Aldrich [PMe3, CO, 
formic acid, mesitylene], Alfa Aesar [Ni(O2CH)2•2H2O, Ph2SiH2, Ph3SiH, (EtO)3SiH], 
Strem Chemicals [bppb, (PPh3)2Ni(CO)2], Fisher [MeC(O)Me], Cambridge Isotope 
Laboratories [H13CO2H] and Acros Organics [PhSiH3], and used as supplied. 
  
2.8.2 X-ray Structure Determinations 
X-ray diffraction data were collected on a Bruker Apex II diffractometer.  Crystal data, 
data collection and refinement parameters are summarized in Table 9.  The structures 
were solved using direct methods and standard difference map techniques, and were 
refined by full-matrix least-squares procedures on F2 with SHELXTL (Version 
2014/7).132 
 
2.8.3 Computational Details 
Calculations were carried out using DFT as implemented in the Jaguar 8.9 (release 15) 
suite of ab initio quantum chemistry programs.133  Geometry optimizations were 
performed with the B3LYP density functional using the 6-31G**++ (H, C, O, P) and 
LACVP (Ni) basis sets, which were also used to determine Gibbs free energy values at 1 
atm and 298.15 K.  The energies of the optimized structures in the gas phase were also 
re-evaluated by additional single point calculations on each optimized geometry using 
the cc-pVTZ(-f)++ correlation consistent triple- (H, C, O, P) and LAV3P (Ni) basis sets.  
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Cartesian coordinates and energies of the geometry optimized structures are provided 
in Tables 10-25. 
 
2.8.4 Synthesis of Ni(PMe3)4 from Ni(O2CH)2•2H2O 
1. Synthesis of Ni(PMe3)4 from Ni(O2CH)2•2H2O on a Large Scale   
A green suspension of Ni(O2CH)2•2H2O (500 mg, 2.71 mmol) in benzene (ca. 30 mL) was 
cooled to –196˚C and treated with PMe3 (2.0 mL, 20 mmol) via vapor transfer.  The 
mixture was heated overnight at 60˚C under a nitrogen atmosphere that was open to a 
bubbler.  Over this period, the mixture became bright yellow and produced an orange 
oily deposit.  The volatile components were removed in vacuo, and the residue was 
extracted into pentane (ca. 30 mL).  The solvent was removed from the pentane extract 
in vacuo to give Ni(PMe3)4 as a yellow powder (639 mg, 65% yield) which was identified 
by 1H, 31P{1H} and 13C{1H} NMR spectroscopy.47   
 
2. Synthesis of Ni(PMe3)4 from Ni(O2CH)2•2H2O on an NMR Scale   
A green suspension of Ni(O2CH)2•2H2O (25 mg, 0.14 mmol) in C6D6 (ca. 0.7 mL) was 
cooled to –196˚C and treated with PMe3 (0.1 mL, 1 mmol) via vapor transfer.  The 
mixture was heated overnight at 60˚C and monitored by 1H and 13C{1H} NMR 




Figure 25.  1H NMR spectrum of Ni(O2CH)2•2H2O and PMe3 in C6D6 after one night of 
heating at 60˚C, displaying a peak for H2. 
 
 
Figure 26.  13C{1H} NMR spectrum of Ni(O2CH)2•2H2O and PMe3 in C6D6 after one 
night of heating at 60˚C, displaying a peak for CO2. 
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2.8.5 Synthesis of Ni(PMe3)4 from Ni(py)4(O2CH)2  
1. Synthesis of Ni(PMe3)4 from Ni(py)4(O2CH)2 on a Large Scale  
A green suspension of Ni(py)4(O2CH)2 (150 mg, 0.322 mmol) in benzene (ca. 5 mL) was 
cooled to –196˚C and treated with PMe3 (0.20 mL, 2.0 mmol) via vapor transfer.  The 
mixture was stirred overnight at room temperature in a sealed ampoule.  Over this 
period, the mixture became bright yellow and produced an orange oily deposit. The 
volatile components were removed in vacuo, and the residue was extracted into pentane 
(ca. 6 mL).  The solvent was removed from the pentane extract in vacuo to give 
Ni(PMe3)4 as a yellow powder (51 mg, 44% yield) which was identified by 1H, 31P{1H} 
and 13C{1H} NMR spectroscopy.47  
 
2. Synthesis of Ni(PMe3)4 from Ni(py)4(O2CH)2 on an NMR Scale  
A green suspension of Ni(py)4(O2CH)2 (14 mg, 0.030 mmol) in C6D6 (ca. 0.7 mL) was 
cooled to –196˚C and treated with PMe3 (0.05 mL, 0.5 mmol) via vapor transfer.  The 
mixture was left at room temperature overnight and monitored by 1H and 13C{1H} 
NMR spectroscopy, thereby demonstrating the formation of H2 and CO2. 
 
 
Figure 27.  1H NMR spectrum of Ni(py)4(O2CH)2 and PMe3 in C6D6 after one night at 




Figure 28.  13C{1H} NMR spectrum of Ni(py)4(O2CH)2 and PMe3 in C6D6 after one night 
at room temperature, displaying a peak for H2. 
 
2.8.6 Synthesis of (bppb)Ni(PMe3)2  
A mixture of Ni(PMe3)4 (151 mg, 0.416 mmol) and 1,2-bis(diphenylphosphino)benzene 
(155 mg, 0.347 mmol) was dissolved in benzene (ca. 5 mL) and stirred for three hours at 
room temperature to produce a deep orange solution.  All volatiles were removed in 
vacuo, and the orange residue was triturated with acetonitrile (ca. 3 mL).  The solid was 
rinsed again with acetonitrile (2 × 3 mL) and dried in vacuo, leaving (bppb)Ni(PMe3)2 as 
an orange powder (175 mg, 77% yield).  Orange crystals suitable for X-ray diffraction 
were obtained via vapor diffusion of pentane into a benzene solution.  Anal. calcd. for 
(bppb)Ni(PMe3)2: C, 65.8%; H, 6.4%.  Found: C, 66.0%; H, 6.2%.  1H NMR (C6D6): 0.87 
[s, 18H of Ni(PMe3)2], 6.95 [m, 2H of C6H4], 7.04 [t, 4 p-H of C6H5, 3JH-H = 7], 7.12 [t, 8 m-
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H of C6H5, 3JH-H = 7], 7.55 [m, 2H of C6H4], 7.70 [m, 8 o-H of C6H5].  13C{1H} NMR 
(C6D6): 22.05 [m, 6C of Ni(PMe3)2], 127.26 [s, 4 p-C of C6H5], 128.12 [s, 8 m-C of C6H5], 
128.61, [s, 2C of C6H4], 132.07 [t, 8 o-C of C6H5, 2JP-C = 7], 133.29 [t, 2C of C6H4, 2JP-C = 7], 
143.20 [m, 4 i-C of C6H5], 150.05 [tt, 2C of C6H4, 1JP-C = 45, 3JP-C = 6].  31P{1H} NMR 
(C6D6): –19.74 [t, Ni(PMe3)2, 2JP-P = 29], 46.57 [t, (bppb)Ni, 2JP-P = 29].  IR (cm-1): 3050 (w), 
2956 (w), 2891 (m), 2801 (w), 1584 (m), 1478 (m), 1450 (w), 1431 (m), 1327 (w), 1292 (m), 
1273 (m), 1254 (w), 1181 (w), 1156 (w), 1104 (m), 1084 (m), 1068 (w), 1027 (m), 998 (m), 
933 (s), 838 (w), 758 (m), 738 (m), 692 (s), 661 (m), 620 (w), 531 (m), 514 (s), 493 (m), 452 
(m), 420 (w). 
 
2.8.7 Synthesis of (bppb)Ni(CO)2  
A mixture of (PPh3)2Ni(CO)2 (100 mg, 0.156 mmol) and 1,2-
bis(diphenylphosphino)benzene (73 mg, 0.16 mmol) was dissolved in benzene (ca. 5 
mL) and heated at 60C for two hours in a sealed ampoule to produce a clear yellow 
solution.  All volatiles were removed in vacuo, and the oily residue was triturated with 
pentane (ca. 3 mL).  The resulting yellow suspension was stirred overnight, and the 
solid was collected via centrifugation. The supernatant was removed, and the solid was 
rinsed again with pentane (3 × 1.5 mL) and dried in vacuo, leaving (bppb)Ni(CO)2 as a 
pale yellow powder (62 mg, 71% yield).  Yellow crystals suitable for X-ray diffraction 
were obtained via vapor diffusion of pentane into a benzene solution.  Anal. calcd. for 
(bppb)Ni(CO)2: C, 68.5%; H, 4.3 %.  Found: C, 68.8%; H, 4.4%.  1H NMR (C6D6): 6.86 
[m, 2H of C6H4], 6.98 [m, 8 m-H of C6H5], 6.99 [m, 4 p-H of C6H5], 7.40 [m, 2H of C6H4], 
7.51 [m, 8 o-H of C6H5].  13C{1H} NMR (C6D6): 128.69 [t, 8 m-C of C6H5, 3JP-C = 4], 129.32 
[s, 4 p-C of C6H5], 130.02 [s, 2C of C6H4], 132.67 [t, 8 o-H of C6H5, 2JP-C = 7], 133.49 [t, 2C 
of C6H4, JP-C = 6], 137.59 [t, 4 i-C of C6H5, 1JP-C = 18], 146.23 [t, 2C of C6H4, JP-C = 40], 
200.83 [t, 2C of CO, 2JP-C = 4].  31P NMR (C6D6): 45.89.  IR (cm-1): 3057 (w), 2003 (s) 
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[(CO)], 1944 (s) [(CO)], 1585 (w), 1479 (m), 1448 (w), 1434 (m), 1330 (w), 1304 (w), 1183 
(w), 1160 (w), 1108 (m), 1094 (m), 1026 (w), 999 (w), 850 (w), 812 (w), 766 (w), 744 (s), 693 
(s), 668 (m), 533 (s), 520 (s), 508 (s), 490 (s), 466 (m), 424 (m). 
 
2.8.8 Synthesis of (bppb)Ni(CO)(PMe3)  
A solution of (bppb)Ni(CO)2 (13 mg, 0.023 mmol) in benzene (ca. 1 mL) was cooled 
to -196˚C and treated with PMe3 (ca. 0.08 mmol) via vapor transfer.  The mixture was 
heated at 80˚C for two days in a sealed tube. After this period, the clear yellow solution 
was lyophilized.  The residue was left in pentane overnight, after which time the 
pentane was decanted. The solid was extracted into benzene, filtered, and dried in 
vacuo, leaving (bppb)Ni(CO)(PMe3) as a yellow powder (12 mg, 85% yield).  Yellow 
crystals of (bppb)Ni(CO)(PMe3) suitable for X-ray diffraction were obtained via vapor 
diffusion of hexanes into a benzene solution, while yellow crystals of 
(bppb)Ni(CO)(PMe3)•0.5C6H6 were obtained by heating a solution of 
(bppb)Ni(CO)(PMe3) in benzene to 80˚C until crystals deposited on the side of the tube.  
Anal. calcd. for (bppb)Ni(CO)(PMe3): C, 67.0%; H, 5.5%.  Found: C, 67.2%; H, 5.2%.  
1H NMR (C6D6): 0.59 [d, 9H of PMe3, 2JP-H = 6], 6.87 [m, 2H of C6H4], 6.96 [t, 2 p-H of C-
6H5, 3JH-H = 7] 7.00 [t, 4 m-H of C6H5, 3JH-H = 7], 7.06 [t, 2 p-H of C6H5, 3JH-H = 7], 7.17 [t, 4 
m-H of C6H5, 3JH-H = 7], 7.34 [m, 4 o-H of C6H5], 7.60 [m, 2H of C6H4], 8.19 [m, 4 o-H of 
C6H5].  13C{1H} NMR (C6D6): 19.58 [dt, 3C of Ni(PMe3), 1JP-C = 18, 3JP-C = 6], 127.70 [s, 2 
p-C of C6H5], 128.35 [s, 4 m-C of C6H5], 128.58 [t, 4 m-C of C6H5, 3JP-C = 5], 129.35 [s, 2 p-C 
of C6H5], 129.51 [s, 2C of C6H4], 131.78 [t, 4 o-C of C6H5, 2JP-C = 7], 132.82 [t, 2C of C6H4, 
JP-C = 7], 133.53 [4 o-C of C6H5], 140.06 [td, 2 i-C of C6H5, JP-C = 15, JP-C = 7], 141.84 [2 i-C 
of C6H5, JP-C = 16, JP-C = 5], 147.94 [td, 2C of C6H5, JP-C = 42, 2JP-C = 5] 204.94 [1C of CO].  
31P{1H} NMR (C6D6): 51.04 [d, (bppb)Ni, 2JP-P = 22], –16.98 [t, Ni(PMe3), 2JP-P = 22].  IR 
(cm-1): 3051 (w), 2959 (w), 2894 (w), 2278 (vw), 2007 (w), 1905 (s) [(CO)], 1585 (w), 1479 
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(m), 1432 (m), 1329 (w), 1299 (w), 1277 (w), 1181 (w), 1162 (w), 1088 (m), 1070 (w), 1027 
(w), 999 (w), 943 (m), 844 (w), 811 (w), 743 (m), 719 (m), 696 (s), 667 (m), 517 (s), 496 (s), 
453 (m), 416 (m). 
 
2.8.9 Synthesis of (bppb)2Ni  
1,2-Bis(diphenylphosphino)benzene (15 mg, 0.034 mmol) was added to a solution of 
(bppb)Ni(PMe3)2 (27 mg, 0.041 mmol) in benzene (ca. 0.7 mL).  The mixture was heated 
at 60˚C for two days in a sealed tube.  All volatiles were removed in vacuo, leaving 
(bppb)2Ni as an orange powder (32 mg, 90% yield).  Orange crystals of (bppb)2Ni 
suitable for X-ray diffraction were obtained via the slow evaporation of an acetonitrile 
solution, orange crystals of (bppb)2Ni•0.5C6H6 were obtained via the vapor diffusion of 
pentane into a benzene solution, and orange crystals of (bppb)2Ni•C6H6 were obtained 
via the vapor diffusion of pentane into a benzene solution containing both (bppb)2Ni 
and B(C6F5)3.  Anal. calcd. for (bppb)2Ni•0.5C6H6: C, 76.4%; H, 5.2%.  Found: C, 
76.0%; H, 5.3%.  1H NMR (C6D6): 6.80 [s, 4H of C6H4], 6.84 [t, 16 m-H of C6H5, 3JH-H = 7], 
6.92 [t, 8 p-H of C6H5, 3JH-H = 7], 7.37 [s, 16 o-H of C6H5], 7.42 [s, 4H of C6H4].  13C{1H} 
NMR: 127.29 [s, 8 p-C of C6H5], 127.62 [16 m-C of C6H5], 128.65 [s, 4C of C6H4], 132.54 
[m, 16 o-C of C6H5 and 4C of C6H4], 139.30 [m, 8 i-C of C6H5], 149.63 [m, 4C of C6H4].  
31P{1H} NMR (C6D6): 47.37.  IR (cm-1): 3051 (w), 2957 (w), 1810 (vw), 1584 (w), 1478 (m), 
1448 (w), 1431 (m), 1302 (vw), 1249 (vw), 1182 (w), 1157 (w), 1103 (m), 1086 (m), 1027 
(w), 999 (vw), 907 (vw), 846 (vw), 812 (vw), 758 (m), 738 (m), 690 (s), 666 (m), 618 (w), 
516 (s), 482 (m), 453 (m), 440 (m), 417 (m). 
 
2.8.10 Decarboxylation of Formic Acid Catalyzed by Ni(PMe3)4  
Formic acid (5.0 L, 0.13 mmol) was added to a yellow solution of Ni(PMe3)4 (5.0 mg, 
0.014 mmol) in C6D6 (ca. 0.7 mL) containing mesitylene (3.0 L, 0.022 mmol) as an 
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internal standard.  The sample was examined by NMR spectroscopy, thereby 
demonstrating the immediate formation of a species tentatively identified as 
[Ni(PMe3)4H]+ (1H NMR (C6D6): –17.76 [s, 1H, NiH], 0.88 [s, 36H, Ni(PMe3)4].  31P{1H} 
NMR (C6D6): –20.11 [s]).21a The mixture was then heated to 80˚C and monitored by 1H 
and 31P{1H} NMR spectroscopy.  Most of the formic acid was consumed after a period 
of 1 day, at which point another portion of formic acid (5.0 L, 0.13 mmol) was added, 
and the mixture was heated again at 80˚C.  A total of seven aliquots of formic acid 
were added over a period of 14 days, corresponding to a turnover number of 70.  The 
initial turnover frequency was 1.7 h-1 (based on the first two hours), whereas the 
turnover frequency over the entire experiment was 0.2 h-1.  The formation of H2 was 
observed by 1H NMR spectroscopy, while the formation of CO2 was confirmed by 
examining the corresponding reaction of H13CO2H with 13C{1H} NMR spectroscopy (see 
below).  During the course of the catalysis, Ni(PMe3)4 converts to Ni(PMe3)3(CO) [1H 
NMR (C6D6): 1.09 [s]. 31P{1H} NMR (C6D6): –18.56 [s]],134 and a small quantity of methyl 
formate arising from disproportionation is also observed.  
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Figure 29.  1H NMR spectrum of Ni(PMe4)4 in C6D6 after heating at 80˚C with seven 
sequential aliquots of HCO2H.  Note that all the Ni(PMe3)4 has converted to 
Ni(PMe3)3(CO), and there are trace amounts of methanol and methyl formate (MF). 
 
2.8.11 Decarboxylation of H13CO2H Catalyzed by Ni(PMe3)4  
H13CO2H (5.0 L, 0.13 mmol) was added to a yellow solution of Ni(PMe3)4 (5.0 mg, 
0.014 mmol) in C6D6 (ca. 0.7 mL).  The sample was heated to 80˚C and monitored by 
1H, 31P{1H} and 13C{1H} NMR spectroscopy, which demonstrated the formation of H2 




Figure 30.  13C{1H} NMR spectrum of Ni(PMe4)4 and H13CO2H in C6D6 after five days 
of heating at 80˚C. 
 
2.8.12 Stability of (bppb)Ni(PMe3)2 towards Heat  
A solution of (bppb)Ni(PMe3)2 (10 mg, 0.015 mmol) in C6D6 (ca. 0.7 mL) was heated to 
100˚C for four days and monitored via 1H and 31P{1H} NMR spectroscopy, thereby 
demonstrating minimal decomposition to (bppb)2Ni. 
 
2.8.13 Reactivity of (bppb)Ni(PMe3)2 towards CO  
CO (1 atm.) was added to a solution of (bppb)Ni(PMe3)2 (10 mg, 0.015 mmol) in C6D6 
(ca. 0.7 mL).  The mixture was heated to 60˚C and monitored via 1H and 31P{1H} NMR 
spectroscopy, thereby demonstrating the formation of (bppb)Ni(CO)(PMe3), 




Figure 31.  31P{1H} NMR spectrum of (bppb)Ni(PMe3)2 and 1 atm. CO in C6D6 after one 
day of heating. 
 
 
2.8.14 Reactivity of (bppb)Ni(PMe3)2 towards Formic Acid 
1. Reactivity of (bppb)Ni(PMe3)2 towards Formic Acid at Room Temperature   
HCO2H was added to a solution of (bppb)Ni(PMe3)2 (10 mg, 0.015 mmol) in C6D6 (ca. 
0.7 mL).  The mixture was examined via 1H NMR spectroscopy, thereby demonstrating 
the formation of [(bppb)Ni(PMe3)2H]+ [1H NMR (C6D6): 7.36 [br], 7.29 [br], 7.25 [br], 6.98 
[br], 0.71 [br], -14.36 [m, 2JH-P = 34, 2JH-P = 47].  31P{1H} NMR (C6D6): 64.36 [t, 2JP-P = 
55], -25.95 [t, 2JP-P = 55]].  An EXSY experiment demonstrated exchange between 




Figure 32.  EXSY NMR spectrum of (bppb)Ni(PMe3)2 and HCO2H in C6D6. 
 
2. Reactivity of (bppb)Ni(PMe3)2 towards Formic Acid at 60˚C   
Formic acid (5.0 L, 0.13 mmol) was added to a solution of (bppb)Ni(PMe3)2 in C6D6 
(0.64 mL of 0.012 M, 0.0077 mmol) containing mesitylene (0.034 M, 0.022 mmol) as an 
internal standard.  The mixture was heated to 60˚C and monitored via 1H and 31P{1H} 
NMR spectroscopy over a period of 12 days, at which point there was still formic acid 
remaining.  After the first 16 hours, there was already significant redistribution of 
(bppb)Ni(PMe3)2 to (bppb)2Ni and Ni(PMe3)4, which is protonated in the presence of 
formic acid (Figure 33).  After the full twelve days, the primary species in solution 





Figure 33.  31P{1H} NMR spectrum of (bppb)Ni(PMe3)2 and formic acid after 16 hours 




Figure 34.  31P{1H} NMR spectrum of (bppb)Ni(PMe3)2 and formic acid after 12 days of 




2.8.15 Reactivity of (bppb)Ni(PMe3)2 towards H13CO2H  
H13CO2H (2.8 L, 0.74 mmol) was added to a solution of (bppb)Ni(PMe3)2 (5.0 mg, 
0.0076 mmol) in C6D6 (ca. 0.7 mL).  The mixture was heated to 60˚C and monitored via 
1H and 13C{1H} NMR spectroscopy, thereby demonstrating the formation of CO2. 
 
 
Figure 35.  13C{1H} NMR spectrum of (bppb)Ni(PMe3)2 and H13CO2H after one day of 
heating at 60˚C. 
 
2.8.16 Reactivity of (bppb)2Ni towards Formic Acid 
Formic acid (5.0 L, 0.13 mmol) was added to a solution of (bppb)2Ni (4.0 mg, 0.0042 
mmol) in C6D6 (ca. 0.7 mL).  The mixture was heated to 60˚C and monitored via 1H and 





2.8.17 Reactivity of (bppb)Ni(CO)(PMe3) towards Formic Acid 
1. Reactivity of (bppb)Ni(CO)(PMe3) towards Formic Acid at 80˚C  
Formic acid (9.3 L, 0.25 mmol) was added to a solution of (bppb)Ni(CO)(PMe3) (5.0 
mg, 0.0082 mmol) in C6D6 (ca. 0.7 mL).  The mixture was heated to 80˚C for 11 days 
and monitored via 1H and 31P{1H} NMR spectroscopy, thereby demonstrating minimal 
formation of H2 along with conversion of (bppb)Ni(CO)(PMe3) to (bppb)Ni(CO)2. 
 
 
Figure 36.  1H NMR spectrum of (bppb)Ni(CO)(PMe3) and HCO2H after 11 days of 




Figure 37.  31P{1H} NMR spectrum of (bppb)Ni(CO)(PMe3) and HCO2H after 11 days 
of heating at 80˚C. 
 
2. Reactivity of (bppb)Ni(CO)(PMe3) towards Formic Acid at 135˚C  
Formic acid (5.0 L, 0.13 mmol) was added to a solution of (bppb)Ni(CO)(PMe3) (2.0 
mg, 0.0033 mmol) in C6D6 (0.64 mL) containing mesitylene as an internal standard (3.0 
L, 0.022 mmol).  The mixture was heated to 135˚C for 13 days and monitored via 1H 
and 31P{1H} NMR spectroscopy, thereby demonstrating complete consumption of 
formic acid along with conversion of (bppb)Ni(CO)(PMe3) to (bppb)Ni(CO)2.  
Noteably, trace amounts of methyl formate were observed. 
180 
 
Figure 38.  1H NMR spectrum of (bppb)Ni(CO)(PMe3) and HCO2H after 13 days of 




Figure 39.  31P{1H} NMR spectrum of (bppb)Ni(CO)(PMe3) and HCO2H after 13 days 
of heating at 135˚C. 
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2.8.18 Reactivity of (bppb)Ni(CO)2 towards Formic Acid  
Formic acid (10 L, 0.27 mmol) was added to a solution of (bppb)Ni(CO)2 (4.0 mg, 
0.0071 mmol) in C6D6 (ca. 0.7 mL).  The mixture was heated to 60˚C and then to 100˚C 
and monitored via 1H and 31P{1H} NMR spectroscopy, thereby demonstrating no 
reaction after a period of one day at each temperature. 
 
2.8.19 Reactivity of (bppb)Ni(PMe3)2 towards PhSiH3  
PhSiH3 (2.5 L, 0.020 mmol) was added to a solution of (bppb)Ni(PMe3)2 (3.0 mg, 0.0046 
mmol) in C6D6 (0.64 mL) with mesitylene as an internal standard (3.0 L, 0.022 mmol).  
The mixture was heated to 80˚C and monitored by 1H and 31P{1H} NMR spectroscopy, 
thereby demonstrating the formation of Ph2SiH2 and H2.  As the concentration of 
PhSiH3 decreased, further aliquots (2 × 4 mL) of PhSiH3 were added.  The overall TON 
for the production of Ph2SiH2 was 1.9. 
 
 
Figure 40.  1H NMR spectrum of (bppb)Ni(PMe3)2 and PhSiH3 after 7 days of heating 
at 80˚C. 
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2.8.20 Reactivity of (bppb)Ni(CO)(PMe3) towards PhSiH3  
PhSiH3 (2.5 L, 0.020 mmol) was added to a solution of (bppb)Ni(CO)(PMe3) (1.0 mg, 
0.0016 mmol) in C6D6 (ca 0.7 mL).  The mixture was heated to 80˚C and monitored by 
1H and 31P{1H} NMR spectroscopy, thereby demonstrating the formation of Ph2SiH2, 
[PhSiH2]2 and H2. 
 
 
Figure 41.  1H NMR spectrum of (bppb)Ni(CO)(PMe3) and PhSiH3 after 7 days of 
heating at 80˚C. 
 
2.8.21 Reactivity of (bppb)Ni(PMe3)2 towards PhSiH3 and Acetone  
PhSiH3 (2.5 L, 0.020 mmol) was added to a solution of (bppb)Ni(PMe3)2 (3.0 mg, 0.0046 
mmol) and acetone (3.0 L, 0.041 mmol) in C6D6 (0.64 mL) with mesitylene as an 
internal standard (3.0 L, 0.022 mmol).  The mixture was heated to 80˚C and 
monitored by 1H and 31P{1H} NMR spectroscopy, thereby demonstrating the formation 
of PhSiH2(OPri), PhSiH(OPri)2 and Ph2Si(OPri)2, along with Ph2SiH2 and H2.  As the 
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concentration of PhSiH3 decreased, further aliquots (2 × 4 mL) of PhSiH3 were added.  
The overall TONs for the various products are given in Table 8. 
 
 
Figure 42.  1H NMR spectrum of (bppb)Ni(PMe3)2, acetone and 3 subsequent aliquots 
of PhSiH3 after 20 days of heating at 80˚C. 
 
Table 8.  TONs for products formed by heating PhSiH3 and acetone to 80˚C in C6D6 in 




Ph2Si(OPri)2 a - 
Ph2SiH2 0.9 
(a) TON could not be determined due to overlap with other peaks. 
 
2.8.22 Reactivity of (bppb)Ni(PMe3)2 towards Ph2SiH2 and Acetone  
Ph2SiH2 (7.6 L, 0.041 mmol) was added to a solution of (bppb)Ni(PMe3)2 (3.0 mg, 
0.0046 mmol) and acetone (3.0 L, 0.041 mmol) in C6D6 (ca. 0.7 mL).  The mixture was 
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heated to 80˚C and monitored by 1H and 31P{1H} NMR spectroscopy, thereby 
demonstrating the slow formation of Ph2SiH(OPri) and Ph2Si(OPri)2, along with H2. 
 
 
Figure 43.  1H NMR spectrum of (bppb)Ni(PMe3)2, acetone and Ph2SiH2 after 8 days of 
heating at 80˚C. 
 
2.8.23 Reactivity of (bppb)Ni(CO)(PMe3) towards PhSiH3 and Acetone  
PhSiH3 (2.5 L, 0.020 mmol) was added to a solution of (bppb)Ni(CO)(PMe3) (1.0 mg, 
0.0016 mmol) and acetone (1.5 L, 0.020 mmol) in C6D6 (ca 0.7 mL).  The mixture was 
heated to 80˚C and monitored by 1H and 31P{1H} NMR spectroscopy, thereby 
demonstrating the formation of PhSiH2(OPri), PhSiH(OPri)2 and Ph2Si(OPri)2, along 




Figure 44.  1H NMR spectrum of (bppb)Ni(CO)(PMe3), acetone and PhSiH3 after 7 days 
of heating at 80˚C. 
 
2.8.24 Reactivity of (bppb)Ni(PMe3)2 towards Ph3SiH and Acetone  
Ph3SiH (11 mg, 0.042 mmol) was added to a solution of (bppb)Ni(PMe3)2 (3.0 mg, 0.0046 
mmol) and acetone (3.0 L, 0.041 mmol) in C6D6 (ca. 0.7 mL).  The mixture was heated 
to 80˚C and monitored by 1H and 31P{1H} NMR spectroscopy, thereby demonstrating no 
reaction over a period of 4 days. 
 
2.8.25 Reactivity of (bppb)Ni(PMe3)2 towards (EtO)3SiH and Acetone  
(EtO)3SiH (7.5 L, 0.041 mmol) was added to a solution of (bppb)Ni(PMe3)2 (3.0 mg, 
0.0046 mmol) and acetone (3.0 L, 0.041 mmol) in C6D6 (ca. 0.7 mL).  The mixture was 
heated to 80˚C and monitored by 1H and 31P{1H} NMR spectroscopy, thereby 
demonstrating no reaction over a period of 4 days. 
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2.9 Crystallographic Data 
Table 9.  Crystal, intensity collection, and refinement data. 
 Ni(py)4(O2CH)2•2py Ni(py)4(ONO2)2•2py 
lattice Monoclinic Orthorhombic 
formula C36H32N6NiO4 C30H30N8NiO6 
formula weight 623.34 657.33 
space group C2/c Pnna 
a/Å 11.641(3) 14.809(7) 
b/Å 15.035(3) 11.866(5) 
c/Å 17.165(4) 17.193(8) 
/˚ 90 90 
/˚ 90.076(3) 90 
/˚ 90 90 
V/Å3 3004.4(11) 3021(2) 
Z 4 4 
temperature (K) 130(2) 240(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.378 1.445 
 (Mo K), mm-1 0.693 0.700 
 max, deg. 30.755 33.162 
no. of data collected 24144 52033 
no. of data 4675 5626 
no. of parameters 198 208 
R1 [I > 2(I)] 0.0435 0.0387 
wR2 [I > 2(I)] 0.0974 0.1018 
R1 [all data] 0.0675 0.0623 




Rint 0.0566 0.0329 
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Table 9.  Crystal, intensity collection, and refinement data. 
 (bppb)Ni(PMe3)2 (bppb)Ni(CO)2 
lattice Triclinic Triclinic 
formula C32H42NiP4 C32H24NiO2P2 
formula weight 657.28 561.16 
space group P-1 P-1 
a/Å 10.3838(7) 9.809(3) 
b/Å 10.4806(8) 15.569(5) 
c/Å 18.0818(13) 19.517(6) 
/˚ 83.7970(10) 111.647(5) 
/˚ 82.0440(10) 102.784(5) 
/˚ 60.9640(10) 90.434(5) 
V/Å3 1702.0(2) 2688.7(15) 
Z 2 4 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.283 1.386 
 (Mo K), mm-1 0.781 0.869 
 max, deg. 32.608 25.349 
no. of data collected 29817 30618 
no. of data 11714 9832 
no. of parameters 392 667 
R1 [I > 2(I)] 0.0469 0.0578 
wR2 [I > 2(I)] 0.0924 0.0844 
R1 [all data] 0.0840 0.1333 




Rint 0.0543 0.1309 
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Table 9.  Crystal, intensity collection, and refinement data. 
 (bppb)Ni(CO)(PMe3) (bppb)Ni(CO)(PMe3) 
•0.5C6H6 
lattice Triclinic Monoclinic 
formula C34H33NiOP3 C37H36NiOP3 
formula weight 609.22 648.28 
space group P-1 P21/n 
a/Å 9.166(4) 12.657(4) 
b/Å 9.933(4) 17.422(5) 
c/Å 17.053(7) 15.500(5) 
/˚ 83.176(5) 90 
/˚ 80.893(5) 109.353(4) 
/˚ 80.535(5) 90 
V/Å3 1505.4(11) 3224.8(17) 
Z 2 4 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.344 1.335 
 (Mo K), mm-1 0.830 0.779 
 max, deg. 26.372 33.108 
no. of data collected 17062 57440 
no. of data 6175 11763 
no. of parameters 355 382 
R1 [I > 2(I)] 0.0649 0.0296 
wR2 [I > 2(I)] 0.1368 0.0753 
R1 [all data] 0.1291 0.0366 




Rint 0.1093 0.0511 
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Table 9.  Crystal, intensity collection, and refinement data. 
 (bppb)2Ni (bppb)2Ni•0.5C6H6 
lattice Triclinic Monoclinic 
formula C60H48NiP4 C63H51NiP4 
formula weight 951.57 990.62 
space group P-1 P21/c 
a/Å 11.147(3) 11.1947(10) 
b/Å 12.319(3) 21.117(2) 
c/Å 18.850(5) 21.284(2) 
/˚ 86.575(4) 90 
/˚ 82.781(4) 95.766(2) 
/˚ 65.816(4) 90 
V/Å3 2342.7(11) 5006.1(8) 
Z 2 4 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.349 1.314 
 (Mo K), mm-1 0.592 0.557 
 max, deg. 26.372 32.772 
no. of data collected 28956 86507 
no. of data 9567 17690 
no. of parameters 586 613 
R1 [I > 2(I)] 0.0448 0.0549 
wR2 [I > 2(I)] 0.0907 0.1107 
R1 [all data] 0.0772 0.0998 




Rint 0.0737 0.0810 
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formula weight 1029.68 









temperature (K) 130(2) 
radiation (, Å) 0.71073 
 (calcd.) g cm-3 1.299 
 (Mo K), mm-1 0.532 
 max, deg. 30.602 
no. of data collected 42154 
no. of data 16009 
no. of parameters 640 
R1 [I > 2(I)] 0.0565 
wR2 [I > 2(I)] 0.0860 
R1 [all data] 0.1090 







2.10 Computational Data 
Table 10. Cartesian Coordinates for Geometry Optimized Ni(PMe3)4 
Ni(PMe3)4 
ESCF = -2014.12566831303 Hartrees 
G = -2013.444168 Hartrees 
atom x y z 
Ni 4.711899941 6.824485091 4.525779837 
P 5.214013594 6.657470757 2.369256262 
P 3.593485289 5.017173745 5.166839971 
P 6.582110585 6.99972671 5.708395907 
P 3.4576734 8.628405382 4.853988979 
C 6.450645711 7.847865882 1.632858566 
C 3.852852727 6.856328491 1.10576611 
H 3.064728282 6.122108814 1.298232276 
H 4.215843142 6.727970729 0.078129305 
H 3.410202635 7.853023111 1.199320581 
C 5.95208793 5.064156257 1.732234294 
H 5.252400454 4.24101797 1.90825268 
H 6.872471641 4.842206923 2.280850262 
H 6.179131348 5.109419401 0.65954973 
C 2.171844374 4.412012609 4.1173097 
C 2.729587515 5.029624604 6.822875787 
H 1.980235493 5.827337041 6.838162688 
H 3.456555522 5.240156228 7.613134577 
H 2.232428974 4.075975858 7.041231367 
192 
C 4.512287564 3.40074631 5.345649851 
H 5.300072297 3.509424586 6.097764057 
H 4.991638128 3.145296757 4.395734318 
H 3.852212511 2.576467996 5.644213717 
C 6.502387262 6.805935869 7.564455353 
C 7.983172714 5.812763282 5.366591672 
H 7.631064479 4.78472121 5.494888343 
H 8.842355826 5.980175794 6.028416874 
H 8.312752806 5.925199094 4.328884666 
C 7.548897415 8.596353019 5.638424132 
H 6.925135551 9.417692611 6.005053942 
H 7.815146832 8.817545619 4.600432302 
H 8.465635383 8.555431299 6.240232192 
C 3.982830822 10.24699412 4.083934541 
C 3.176851663 9.230342809 6.599570474 
H 2.729207767 8.42916749 7.195396107 
H 2.522190242 10.11026136 6.636723802 
H 4.137640094 9.488450156 7.056065298 
C 1.681109398 8.611956114 4.277799951 
H 1.137527147 7.813031741 4.791926852 
H 1.646333333 8.401554613 3.204570629 
H 1.171548834 9.564507391 4.470709543 
H 2.53843553 4.156449725 3.118036548 
H 1.432206041 5.210825575 4.006821442 
H 1.681617859 3.529748527 4.54819985 
H 7.414347173 7.732998954 2.139064992 
193 
H 6.11020073 8.875394726 1.793053953 
H 6.596862429 7.684793194 0.557492043 
H 6.125532962 5.808445157 7.811869139 
H 5.803595596 7.538651113 7.979471633 
H 7.48240141 6.939468681 8.039955832 
H 4.01388573 10.14060368 2.994925146 
H 4.991185716 10.50370729 4.422578675 
H 3.301914234 11.06950143 4.337297018 
 
Table 11. Cartesian Coordinates for Geometry Optimized trans-Ni(PMe3)2(O2CH)2 
(Proximal) 
trans-Ni(PMe3)2(O2CH)2 (Proximal) 
ESCF = -1470.27597168716 Hartrees 
G = -1469.761944 Hatrees 
atom x y z 
Ni 0.960817883 2.137505747 2.894405973 
P 2.601576578 1.907880985 4.486514493 
P -0.6338954 2.368555903 1.255507643 
O 0.899253072 4.025177125 2.97938386 
O 0.920251631 0.247323494 2.904996829 
C 2.191283417 0.596605713 5.715430623 
C 3.068787828 3.335159978 5.553061648 
C 4.194303279 1.362650742 3.748078472 
C -1.904002542 3.628145653 1.700618212 
C 0.090834862 2.985360272 -0.317234474 
194 
C -1.654299728 0.923765667 0.741857318 
H 3.046578917 0.39029728 6.36784437 
H 1.89782732 -0.31036535 5.183578828 
H 1.346472041 0.923488149 6.329438338 
H 3.763167377 3.012136256 6.336135164 
H 2.173740097 3.755829132 6.019728025 
H 3.542594969 4.103402897 4.939816907 
H 4.53595726 2.144021254 3.065177061 
H 4.037450975 0.442810524 3.178872156 
H 4.947499177 1.185009573 4.523421817 
H -2.559532876 3.84086771 0.849276166 
H -1.400523914 4.54125883 2.0236404 
H -2.510561319 3.257281323 2.532524786 
H -0.688109031 3.161395052 -1.067119834 
H 0.798939386 2.237136244 -0.680929906 
H 0.629859851 3.917691014 -0.13023179 
H -2.445374033 1.243016479 0.054844858 
H -2.109708569 0.461635079 1.622139514 
H -1.016281167 0.18996596 0.246742478 
C 1.962838411 4.717561166 2.697118246 
H 1.764514011 5.808196816 2.709557481 
O 3.089414794 4.289308487 2.44903831 
C 1.228516901 -0.407500753 1.825086266 
H 1.234410535 -1.503598993 1.990630573 
O 1.481943487 0.059048051 0.714932395 
195 
Table 12. Cartesian Coordinates for Geometry Optimized trans-Ni(PMe3)2(O2CH)2 
(Distal) 
trans-Ni(PMe3)2(O2CH)2 (Distal) 
 ESCF = -1470.25776221277 Hartrees 
atom x y z 
Ni 1.059628919 2.140346667 2.799403142 
P 2.568866919 1.871635559 4.501627221 
P -0.646773569 2.403953827 1.294596384 
O 1.006745835 4.00901326 2.939131781 
O 0.987365834 0.266948912 2.789560446 
C 1.755627265 0.949611325 5.869855689 
C 3.257271342 3.376436764 5.305828133 
C 4.044654438 0.847340497 4.100340075 
C -2.041229003 3.267068426 2.127592075 
C -0.270448316 3.477007638 -0.153153715 
C -1.407917433 0.896356087 0.564886127 
H 2.470102413 0.718509885 6.667073937 
H 1.341197579 0.024396758 5.461961946 
H 0.939638477 1.549318118 6.283311837 
H 3.851265528 3.109746001 6.186179846 
H 2.438357833 4.036441285 5.603495908 
H 3.890553258 3.923746995 4.602392245 
H 4.643950689 1.341670508 3.330269099 
H 3.71799266 -0.124128521 3.720932133 
H 4.664969053 0.696367292 4.990270514 
H -2.842778455 3.495766665 1.417241803 
196 
H -1.659199124 4.19131537 2.56799771 
H -2.440460938 2.634882966 2.926019096 
H -1.163317043 3.620960175 -0.770874069 
H 0.513098605 3.019079857 -0.763876598 
H 0.082965602 4.449274773 0.199342132 
H -2.293883484 1.153385737 -0.025000782 
H -1.689124802 0.207586477 1.365775258 
H -0.687997167 0.385027782 -0.079831396 
C 1.944050813 4.773449387 2.436182647 
O 1.874732211 5.989045064 2.332424523 
H 2.853280137 4.234605592 2.087096362 
C 1.515224944 -0.446327995 1.826163027 
O 1.680356947 -1.656648525 1.861317174 
H 1.825052099 0.1328656 0.927576859 
 
Table 13. Cartesian Coordinates for Geometry Optimized cis-Ni(PMe3)2(O2CH)2 
(Proximal) 
cis-Ni(PMe3)2(O2CH)2 (Proximal) 
ESCF = -1470.25965153444 Hartrees 
atom x y z 
Ni 0.825271297 2.831769702 0.284442542 
P 2.186214051 2.925511146 2.096515716 
P -0.975249306 1.894801803 1.298380921 
C 1.452577464 3.485190333 3.701373492 
C 3.021095613 1.338348789 2.513643529 
197 
C 3.58464712 4.107767653 1.922555923 
C -0.67771257 0.502140048 2.481420805 
C -2.164804601 1.112914384 0.133400996 
C -2.024161697 3.073826182 2.247126611 
O 2.179759269 3.72825253 -0.719353696 
O -0.118563186 2.72939199 -1.372135784 
H 3.210028892 5.080616652 1.596830385 
H 4.281011028 3.733273795 1.17163955 
H 4.102993149 4.210433858 2.881612577 
H 3.55004567 1.007021147 1.616779836 
H 2.289221559 0.577096739 2.794233768 
H 3.725829994 1.478734979 3.340279936 
H 0.664629483 2.810122391 4.041980406 
H 1.022425646 4.483132264 3.575407966 
H 2.226486749 3.531291931 4.474643984 
H -0.076599706 0.819691036 3.33607983 
H -0.147715414 -0.304529643 1.966431427 
H -1.63105817 0.113682474 2.854685926 
H -2.30502851 3.87807839 1.562802555 
H -1.468160603 3.500646113 3.085319798 
H -2.918808199 2.571374727 2.63029036 
H -1.634069258 0.439674991 -0.543295715 
H -2.651532472 1.888844734 -0.458238685 
H -2.920735516 0.55554044 0.69635325 
C -1.011372041 3.639851549 -1.579007103 
O -1.537874573 4.370865028 -0.731464425 
198 
H -1.316955498 3.705301936 -2.641540102 
C 3.170734083 3.002264584 -1.11900926 
O 3.501602723 1.892156725 -0.685243954 
H 3.765122966 3.491473676 -1.915253491 
 
Table 14. Cartesian Coordinates for Geometry Optimized trans-Ni(PMe3)2(O2CH)H 
(Proximal) 
trans-Ni(PMe3)2(O2CH)H (Proximal) 
ESCF = -1281.60503392687 Hartrees 
G = -1281.169265 Hartrees 
atom x y z 
Ni 0.677076157 2.439223411 3.378802222 
P 2.105124889 2.143018724 5.054844537 
P -0.955663499 2.497346356 1.866837585 
O 2.073395051 3.462011596 2.46392429 
H -0.309258913 1.70059565 4.156551651 
C 1.536223663 1.419220988 6.652379051 
C 2.93664278 3.707618245 5.563739753 
C 3.515574863 1.052035484 4.580944235 
C -2.656743377 2.703470178 2.55741799 
C -0.897676645 3.81984869 0.581578493 
C -1.082795899 0.949307528 0.878786197 
H 2.356903003 1.338593808 7.373550208 
H 1.115812272 0.426122596 6.47086297 
H 0.746639815 2.047526376 7.074235387 
H 3.749168535 3.518360958 6.273737422 
199 
H 2.205930348 4.378237502 6.025356883 
H 3.326648646 4.191445409 4.664985768 
H 3.991622828 1.458705018 3.685225845 
H 3.143278631 0.051068038 4.345364092 
H 4.254002529 0.98144154 5.387295594 
H -3.411347262 2.711114841 1.763270287 
H -2.714916216 3.644683725 3.112327844 
H -2.868048185 1.887119728 3.252880631 
H -1.789702242 3.782588136 -0.05365459 
H -0.004902148 3.67387654 -0.0291757 
H -0.840046985 4.800450349 1.06278746 
H -1.903452941 1.009129654 0.155212967 
H -1.252533098 0.100788185 1.547588738 
H -0.133073159 0.808298961 0.357551838 
C 2.45133493 3.14223895 1.272199619 
H 3.284380996 3.772071792 0.894969174 
O 1.987582012 2.25131846 0.549829093 
 
Table 15. Cartesian Coordinates for Geometry Optimized trans-Ni(PMe3)2(O2CH)H 
(Distal) 
trans-Ni(PMe3)2(O2CH)H (Distal) 
 ESCF = -1281.59465033538 Hartrees 
atom x y z 
Ni 0.658520015 2.361121449 3.355023183 
P 2.108847005 2.149400919 5.031270103 
200 
P -0.98676351 2.514905936 1.871574273 
O 2.048109576 3.313350967 2.402972709 
H -0.335869714 1.674228202 4.173703245 
C 1.616289346 1.324799302 6.60506813 
C 2.72228194 3.801937115 5.56482747 
C 3.649734111 1.263311365 4.544143846 
C -2.662133015 2.847733249 2.567545827 
C -0.806362422 3.846935491 0.60756539 
C -1.259252301 0.999661458 0.853016733 
H 2.435164303 1.324608453 7.332618446 
H 1.319790138 0.29270581 6.397389908 
H 0.754155293 1.844319358 7.032691973 
H 3.535108908 3.710408322 6.293486297 
H 1.902966955 4.373597063 6.010618926 
H 3.074461759 4.330935522 4.675397179 
H 4.083137819 1.766733566 3.676377661 
H 3.414550873 0.231303414 4.267988847 
H 4.376901146 1.257523749 5.363487529 
H -3.411827881 2.938811884 1.774108601 
H -2.637209652 3.77685497 3.144105842 
H -2.941786765 2.036331995 3.244255197 
H -1.667657081 3.869931331 -0.068925735 
H 0.106134977 3.690204877 0.027784149 
H -0.714768618 4.813008354 1.111784507 
H -2.086271002 1.13954705 0.148024848 
H -1.483927282 0.154633428 1.509593863 
201 
H -0.349452106 0.767038381 0.292636907 
C 2.593948606 2.975776551 1.274570903 
O 3.582822031 3.4922591 0.763595345 
H 2.093848798 2.128404248 0.744065392 
 
Table 16. Cartesian Coordinates for Geometry Optimized cis-Ni(PMe3)2(O2CH)H 
(Proximal) 
cis-Ni(PMe3)2(O2CH)H (Proximal) 
ESCF = -1281.58782575245 Hartrees 
atom x y z 
Ni 0.806738726 2.605798782 0.402161551 
P 2.187635823 2.968088386 2.036187881 
P -1.254356245 2.103462315 1.371370494 
C 1.726848215 2.688956582 3.812254509 
C 3.766385077 2.020763262 1.924069586 
C 2.742229627 4.726871196 2.070319569 
C -1.357199234 0.812246346 2.699900458 
C -2.535483022 1.494172294 0.191868308 
C -2.095506252 3.552968708 2.147616694 
H 2.084192774 2.982069479 -0.20851293 
O 0.130449353 2.450849563 -1.391107483 
H 1.877274236 5.3802693 2.215566828 
H 3.195674442 4.978084871 1.108885997 
H 3.463672935 4.898871359 2.876384817 
H 4.249319796 2.243247785 0.969892691 
H 3.552750356 0.948351575 1.953713476 
202 
H 4.441189219 2.274818984 2.748510946 
H 1.516092124 1.629143549 3.980449916 
H 0.832280654 3.265245693 4.064983261 
H 2.540673196 2.99421139 4.479052434 
H -0.760651513 1.103795984 3.567946117 
H -0.965685322 -0.135957833 2.318175833 
H -2.392990325 0.659249024 3.02257715 
H -2.162321834 4.338656763 1.390484202 
H -1.506219484 3.92752699 2.990240451 
H -3.09785726 3.292054818 2.505125919 
H -2.154973731 0.626437533 -0.353176611 
H -2.756990241 2.284691366 -0.527281484 
H -3.451875016 1.219606255 0.725579213 
C -0.637564679 3.415660444 -1.761977002 
O -1.099183706 4.319561909 -1.049228061 
H -0.898606896 3.375539679 -2.839146552 
 
Table 17. Cartesian Coordinates for Geometry Optimized Ni(PMe3)3(O2CH)H 
(Proximal) 
Ni(PMe3)3(O2CH)H (Proximal) 
ESCF = -1742.79136104551 Hartrees 
G = -1742.185226 Hartrees 
atom x y z 
Ni 7.781402982 5.329914634 21.14290514 
P 8.341141322 6.365748476 19.15382889 
203 
H 7.061182344 6.515170703 21.55414098 
P 9.056655481 5.752739594 22.99613272 
O 8.795048516 3.758732812 20.4792874 
P 5.735117241 4.319469913 21.31458682 
C 7.80890156 8.090895466 18.73851543 
H 8.190044612 8.782492361 19.49596748 
H 6.716302748 8.148731541 18.75259718 
H 8.170003352 8.407168517 17.75289639 
C 7.792317771 5.429174802 17.65230908 
H 8.201202489 5.854403221 16.72802434 
H 6.699586453 5.433710836 17.59198124 
H 8.126970525 4.393315839 17.75633895 
C 10.75992031 5.02850951 23.00270713 
H 11.31174166 5.320109891 23.9038024 
H 11.31076836 5.363053796 22.11929003 
H 10.6776018 3.939817003 22.96761323 
C 9.412813178 7.529813009 23.38824864 
H 8.470648867 8.067863666 23.52799292 
H 9.943641881 7.992356563 22.55045346 
H 10.02214791 7.633038285 24.29369831 
C 10.16731581 6.450438009 18.85249787 
H 10.5827249 5.449286943 18.99719585 
H 10.63160072 7.124418386 19.57904254 
H 10.40303026 6.80130673 17.84073322 
C 8.407458008 5.143873548 24.61793898 
H 8.2651088 4.063014724 24.54079392 
204 
H 7.440833579 5.611121053 24.82802261 
H 9.098278664 5.368027394 25.43938645 
C 5.505317314 2.757773424 20.34812143 
H 6.211200834 2.010296494 20.7173181 
H 5.71508688 2.939526351 19.2903892 
H 4.48424249 2.373046794 20.45251106 
C 4.259385265 5.304032115 20.77455394 
H 3.326615411 4.742007431 20.90040816 
H 4.366426476 5.579495745 19.72084973 
H 4.202847642 6.226538881 21.35974779 
C 5.210057744 3.771009355 23.00166268 
H 5.157692817 4.634352493 23.67153294 
H 5.96419382 3.077534931 23.38236449 
H 4.231691475 3.276427787 22.97959127 
C 8.905921875 2.683503085 21.17846077 
H 9.501638513 1.895041279 20.67073859 
O 8.436285135 2.458028435 22.30296155 
Table 18. Cartesian Coordinates for Geometry Optimized Ni(PMe3)3(O2CH)H (Distal) 
Ni(PMe3)3(O2CH)H (Distal) 
 ESCF = -1742.78097507785 Hartrees 
atom x y z 
Ni 7.754737254 5.295725317 21.21690837 
P 8.319193325 6.345975481 19.21606769 
H 7.030261846 6.474862648 21.64815716 
P 9.092933962 5.772559294 23.00166664 
O 8.771651652 3.764151596 20.51761216 
205 
P 5.699022721 4.314575865 21.28663682 
C 7.785563665 8.065704524 18.7777846 
H 8.160113713 8.768367868 19.52844063 
H 6.692759994 8.122978403 18.7817149 
H 8.153752662 8.370307256 17.7912031 
C 7.784422832 5.383231029 17.728515 
H 8.198103858 5.798361163 16.80202081 
H 6.692186445 5.380612145 17.65756592 
H 8.129086374 4.353119557 17.85380832 
C 10.80880969 5.083221322 22.92799097 
H 11.39246939 5.370436671 23.81003311 
H 11.30990348 5.450721614 22.02824717 
H 10.77157281 3.993141017 22.86008195 
C 9.42819189 7.564888543 23.32776317 
H 8.483402085 8.084536301 23.51098849 
H 9.895193446 8.015126222 22.44686724 
H 10.08961654 7.704796625 24.19037712 
C 10.14637687 6.426273096 18.93419325 
H 10.55545766 5.424230488 19.09028279 
H 10.60651046 7.107976548 19.65634755 
H 10.38877882 6.767199416 17.92083554 
C 8.542126278 5.209164569 24.68044432 
H 8.425943678 4.121528325 24.67893417 
H 7.571370084 5.655658909 24.91548242 
H 9.261861379 5.488311347 25.45888323 
C 5.494094954 2.794230491 20.25149732 
206 
H 6.207354144 2.028546018 20.56672648 
H 5.710516095 3.033505785 19.20674119 
H 4.476879236 2.393511216 20.32766643 
C 4.270034477 5.34586227 20.71626576 
H 3.323938708 4.795245492 20.76964296 
H 4.43770597 5.662177373 19.68250097 
H 4.19914445 6.244040499 21.33631574 
C 5.073282679 3.727848561 22.93077659 
H 5.021910383 4.57231571 23.62442491 
H 5.768857205 2.99063728 23.34190678 
H 4.079784879 3.271668932 22.84857975 
C 8.951397588 2.632523689 21.12087644 
O 9.586856188 1.671255969 20.69522332 
H 8.466720853 2.557465591 22.12657143 
 
Table 19. Cartesian Coordinates for Geometry Optimized trans-Ni(PMe3)2H2 
trans-Ni(PMe3)2H2 
ESCF = -1092.91475737547 Hartrees 
G = -1092.551915 Hartrees 
atom x y z 
Ni 0.672444301 2.077267976 3.456090586 
P 2.17429077 1.843087229 5.010055505 
P -0.828413835 2.315184625 1.902125905 
H 0.718364826 3.600689413 3.522997628 
H 0.62536452 0.55371302 3.389354324 
C 1.604268957 0.891165203 6.488177789 
207 
C 2.915104606 3.349570391 5.786657711 
C 3.676676881 0.902816898 4.4859304 
C -2.336617575 3.242817904 2.431930852 
C -0.260813945 3.280074384 0.431527521 
C -1.560726959 0.810578133 1.113867697 
H 2.404808748 0.780025634 7.228296286 
H 1.261787457 -0.094992034 6.165018339 
H 0.759864157 1.40922092 6.95227368 
H 3.657227617 3.097910884 6.553205861 
H 2.116380657 3.947900851 6.23378987 
H 3.385712007 3.95611809 5.007855983 
H 4.165085229 1.426921028 3.659188622 
H 3.370523062 -0.083659938 4.129107847 
H 4.390805046 0.792707491 5.309895185 
H -3.04953812 3.357072846 1.607513434 
H -2.037253322 4.227385462 2.799528448 
H -2.823755525 2.70716722 3.252048804 
H -1.060148026 3.39235759 -0.309708207 
H 0.586904755 2.768624019 -0.033902993 
H 0.076641461 4.265526801 0.761891957 
H -2.302677762 1.063591296 0.347613309 
H -2.029645765 0.196712594 1.887931338 
H -0.758372452 0.218980645 0.664258275 
208 
Table 20. Cartesian Coordinates for Geometry Optimized cis-Ni(PMe3)2H2 
cis-Ni(PMe3)2H2 
ESCF = -1092.91121713544 Hartrees 
atom x y z 
Ni 0.783132464 2.708596177 0.462218396 
P 2.398493699 2.786758475 1.991179402 
P -1.191031755 2.023983283 1.228485138 
C 2.175654329 2.336394737 3.782611956 
C 3.861220006 1.740549692 1.55194407 
C 3.165621961 4.463768952 2.150869186 
C -1.518414273 1.52609304 2.991045702 
C -1.847326521 0.54749401 0.325315388 
C -2.541827765 3.261664376 0.963376317 
H 1.784202478 3.185862758 -0.50298286 
H 0.141991678 2.837310708 -0.854595287 
H 2.418789038 5.175788047 2.515042873 
H 3.494714396 4.798147494 1.163848634 
H 4.017865841 4.456764362 2.840035979 
H 4.202679657 2.01191418 0.549864121 
H 3.56636273 0.686973159 1.532730501 
H 4.681828249 1.868364897 2.267184493 
H 1.836601833 1.299089853 3.864233549 
H 1.410831617 2.977343469 4.23213305 
H 3.106679341 2.448297117 4.350541202 
H -1.292521559 2.362295951 3.659906679 
H -0.868061477 0.689750463 3.265567023 
209 
H -2.561609395 1.225301164 3.14313952 
H -2.56424912 3.541107697 -0.092961086 
H -2.332379365 4.164210627 1.545513299 
H -3.519700487 2.865007723 1.259490303 
H -1.184326432 -0.307405299 0.489355094 
H -1.857135936 0.763676514 -0.745914571 
H -2.858261309 0.283986663 0.656810888 
 
Table 21. Cartesian Coordinates for Geometry Optimized Ni(PMe3)3H2 
Ni(PMe3)3H2 
ESCF = -1554.10951905679 Hartrees 
G = -1553.569498 Hartrees 
atom x y z 
Ni 7.793186818 5.516270202 20.88444238 
P 8.415355374 6.307909455 18.9023089 
H 6.958688682 6.768828401 21.06412032 
P 8.976193891 5.965189269 22.7101771 
H 8.635757559 4.263131594 20.7278071 
P 5.954895418 4.259203372 21.00094186 
C 9.184246684 7.997918367 18.87778829 
H 10.10673096 7.988965745 19.46622618 
H 8.493779456 8.708059137 19.3415531 
H 9.417726959 8.330333574 17.85905653 
C 7.070077815 6.551427835 17.64487879 
H 7.452726745 6.979177449 16.71035338 
210 
H 6.309800936 7.218355382 18.06156566 
H 6.595458971 5.590283336 17.42471186 
C 10.80530776 6.191576282 22.48236067 
H 11.31898341 6.368959706 23.43499619 
H 10.99012726 7.041142711 21.81812221 
H 11.21801428 5.295243963 22.01068553 
C 8.565055598 7.482306579 23.69638531 
H 7.522957208 7.423642288 24.02390979 
H 8.659557159 8.36247694 23.05383938 
H 9.214418003 7.600537219 24.57238174 
C 9.651464711 5.355890497 17.89767004 
H 9.261962174 4.350913792 17.7109051 
H 10.57436693 5.24950617 18.47530287 
H 9.876866379 5.842182052 16.94072712 
C 8.981271585 4.680506524 24.05118891 
H 9.331838151 3.73209735 23.63408767 
H 7.963307325 4.532295423 24.4226216 
H 9.626628905 4.967740991 24.89005316 
C 5.90462864 2.722428357 19.96102985 
H 6.750036546 2.084273038 20.23304218 
H 6.016780519 2.992521414 18.90664375 
H 4.969130674 2.164393405 20.08894566 
C 4.337269863 5.042402453 20.53845209 
H 3.496983163 4.342831135 20.6246562 
H 4.39301311 5.409800995 19.50950621 
H 4.16215376 5.903668986 21.189373 
211 
C 5.506346169 3.54117076 22.65553766 
H 5.353965918 4.351467918 23.37487702 
H 6.328248233 2.91504089 23.01439979 
H 4.592924208 2.936237745 22.60359794 
 
Table 22. Cartesian Coordinates for Geometry Optimized (HCO2H)2 
(HCO2H)2 
ESCF = -379.70363522849 Hartrees 
G = -379.531621 Hartrees 
atom x y z 
O 1.6304795795 0.1796667777 0.1525427533 
O 0.5084787833 -0.3594388271 -1.7415186988 
H -0.3119565098 -0.3000157837 -1.1632647553 
C 1.5904112561 -0.0994091320 -1.0421929999 
H 2.5000031877 -0.1571748586 -1.6532147290 
O -1.6304795795 -0.1796667777 -0.1525427533 
O -0.5084787833 0.3594388271 1.7415186988 
H 0.3119565098 0.3000157837 1.1632647553 
C -1.5904112561 0.0994091320 1.0421929999 




Table 23. Cartesian Coordinates for Geometry Optimized H2 
H2 
ESCF = -1.18001891959 Hartrees 
G = -1.180338 Hartrees 
atom x y z 
H 0.0000000000 0.0000000000 0.371880458 
H 0.0000000000 0.0000000000 -0.371880458 
 
Table 24. Cartesian Coordinates for Geometry Optimized CO2 
CO2 
ESCF = -188.65715586048 Hartrees 
G = -188.596583 Hartrees 
atom x y z 
O 0.0000000000 0.0000000000 1.1696716049 
C 0.0000000000 0.0000000000 0.0000000000 
O 0.0000000000 0.0000000000 -1.1696716049 
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Table 25. Cartesian Coordinates for Geometry Optimized PMe3 
PMe3 
ESCF = -461.17944670422 Hartrees 
G = -461.030132 Hartrees 
atom x y z 
P 10.69844153 2.95104194 7.285514591 
C 9.789851568 4.435030854 7.959224304 
C 9.897121613 1.610822162 8.307041707 
C 12.30627149 3.126797481 8.215743434 
H 12.15635563 3.253935325 9.295124314 
H 12.85812506 3.991516229 7.832789122 
H 12.92516853 2.239131544 8.048560304 
H 8.859526173 1.475661037 7.98444313 
H 9.905878628 1.837708759 9.380424692 
H 10.42037897 0.663007928 8.143421852 
H 9.805734968 4.476159226 9.05546258 
H 8.748058543 4.410259086 7.623078846 
H 10.24240094 5.351296283 7.566033906 
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3.1 Introduction 
Significant effort has been put into exploring alternative energy sources which are both 
better for the environment and more sustainable than fossil fuels.  One possible energy 
source is hydrogen, which can be stored in formic acid and released on demand in the 
presence of a catalyst (Scheme 1).1,2,3  In Chapter 2, we showed that the zerovalent Ni 
phosphine complex, Ni(PMe3)4, can effect the release of H2 from formic acid.4 
 
 
Scheme 1.  Formic acid dehydrogenation reaction. 
 
Other zerovalent trimethylphosphine complexes of transition metals include 
Mo(PMe3)6,5 W(PMe3)6,6 Fe(PMe3)5,7,8 Os(PMe3)5,9 Co(PMe3)4,10,8 Pd(PMe3)4,11 and 
Pt(PMe3)4.12  The relatively strong -donation and weak -acceptance of the 
trimethylphosphine ligands on these complexes renders the metal centers electron-rich 
and, therefore, quite reactive.  The Parkin group has previously explored the ability of 
the Group 6 trimethylphosphine complex Mo(PMe3)6 to activate Si-H,13 S-H,5c C-S,14 O-
H and C-H bonds.15  W(PMe3)6 and its cyclometalated derivative, W(PMe3)4(2-
CH2PMe2)H,6a have also been shown to activate Si-H,16 S-H,17 S-C,18 O-H, C-H6b and 
H-H bonds.19   
 
In view of the diverse reactivity of such electron-rich metal phosphine compounds, as 
well as the fact that cyclopentadienyl Mo and W hydride complexes can catalyze formic 
acid dehydrogenation (see Chapter 1),20 we sought to examine the reactivity of 
Mo(PMe3)6 and W(PMe3)4(2-CH2PMe2)H towards formic acid.  Not only were these 




and M(CO) moieties were observed (M = Mo, W).  In addition, trimers of the type 
[M(PMe3)3(CO)(O2CH)(-O2CH)]3, which display an unusual configuration of the 
bridging formate ligands, were obtained. 
 
3.2 Reactivity of Mo(PMe3)6 towards Formic Acid 
3.2.1 Mo(PMe3)6 with Few Equivalents of Formic Acid 
Before investigating Mo(PMe3)6 as a formic acid dehydrogenation catalyst, we sought to 
explore its general reactivity towards formic acid.  Accordingly, the addition of one 
equivalent of formic acid resulted in the formation of Mo(PMe3)4H(O2CH)21 and 
Mo(PMe3)4H2(O2CO),22 which were both identified by 1H NMR spectroscopy.  The 
structure of Mo(PMe3)4H(O2CH) has been previously reported,21 and 
Mo(PMe3)4H2(O2CO) has now also been characterized by X-ray diffraction (Figure 1). 
 
 





Mo(PMe3)4H2(O2CO) has long been of interest due to its formation via the reaction of 
CO2 with Mo(PMe3)5H221 or Mo(PMe3)4H4.22,23  The molecular structure in Figure 1 
confirms that the composition of the compound, previously reported only by NMR 
spectroscopy,22 is indeed Mo(PMe3)4H2(O2CO).  The tungsten analogue, 
W(PMe3)4H2(O2CO), is both isostructural and isomorphous to Mo(PMe3)4H2(O2CO).24  
Interestingly, W(PMe3)4H2(O2CO) has also previously been synthesized via the addition 
of CO2, either to W(PMe3)4(2-CH2PMe2)H in the presence of H2,25 or to 
W(PMe3)4H2(2-CH2O).26  Here, however, the origin of the carbonate ligand is formic 
acid. 
 
It is also pertinent to note that there are only 19 molybdenum carbonate compounds in 
the CSD.  Most of these compounds feature a bridging carbonate, e.g. [Mo3(2- 
O2CO)(2-O)(O)2(CO)2(H2O)(PMe3)6].27  Examples of structurally characterized 
mononuclear molybdenum carbonate compounds include [CpMo(CO)2(O2CO)]–,28 
Cp2Mo(O2CO),29 [MoO3(O2CO)]2– and [MoO2(O2CO)2]2–.30 As observed for 
Mo(PMe3)4H2(O2CO), the carbonate ligands adopt a bidentate conformation. 
 
When two equivalents of formic acid are added to Mo(PMe3)6, Mo(PMe3)4H2(O2CO) is 
also formed.  However, a second hydride peak in the 1H NMR spectrum appears at 
 -6.78, in a region consistent with a divalent Mo species.  For example, the hydride 
peak for Mo(PMe3)5H2 appears at  -5.23, while that for Mo(PMe3)4H(O2CH) appears at 
 -8.66.21   Though this new hydride peak is a quintet at room temperature (2JP-H = 58 
Hz), low temperature 1H (Figure 2) and 31P{1H} NMR spectroscopy (Figure 3) reveals a 
more complex pattern involving four inequivalent PMe3 ligands.  An analogous 
reaction with H13CO2H also reveals the presence of a Mo(CO) moiety at  225.03 in the 






Figure 2.  Hydride region of the 1H NMR spectra of Mo(PMe3)6 and two equivalents of 






Figure 3.  Select regions of the 31P{1H} NMR spectra of Mo(PMe3)6 and two equivalents 
of formic acid in d8-toluene at low temperature, with peaks tentatively assigned to 
Mo(PMe3)4H(CO)(O2CH). 
 
These data, combined with the presence of a formate singlet at  9.14 that integrates in a 
1:1 ratio with the hydride peak, lead us to tentatively formulate this compound as 
Mo(PMe3)4H(CO)(O2CH).  Precedent for such a compound is provided by the related 
Mo(PR3)4H(CO)X complex Mo(depe)2H(CO)(GeH2Ph); the hydride ligand for this 
compound also appears as a quintet in the 1H NMR spectrum at room temperature ( –
7.52 in C7H8).32  Though we were not able to obtain crystals of 




complex was confirmed via Density Functional Theory (DFT) calculations.  The 
geometry optimized structure is displayed in Figure 4.33 
 
 
Figure 4.  Geometry optimized structure of Mo(PMe3)4H(CO)(O2CH) (methyl 
hydrogens omitted for clarity). 
 
3.2.2 Mo(PMe3)6 with 20 Equivalents of Formic Acid 
In the presence of 20 equivalents of formic acid, Mo(PMe3)6 reacts to form a trimeric 
complex, namely [Mo(PMe3)3(CO)(O2CH)(-O2CH)]3, containing both carbonyl, 
terminal formate, and bridging formate ligands (Figure 5).  The carbonyl compound 
proposed above, Mo(PMe3)4H(CO)(O2CH), is a rational precursor for this trimer.  The 
structural characterization of [Mo(PMe3)3(CO)(O2CH)(-O2CH)]3 confirms the ability of 
Mo(PMe3)6 to react with formic acid to produce both Mo(O2CO) and Mo(CO) moieties 
(Scheme 2).  Other molybdenum compounds have been shown to effect the 




Mo(N2)2(PMe3)4, which reacts with CO2 to form [Mo(PMe3)3(CO)(-O2CO)]2,35 and 




Figure 5.  Molecular structure of [Mo(PMe3)3(CO)(O2CH)(-O2CH)]3 (methyl 







Scheme 2.  Reactivity of Mo(PMe3)6 towards varying equivalents of formic acid. Note 
that Mo(PMe3)4H(CO)(O2CH) is a tentative assignment. 
 
[Mo(PMe3)3(CO)(O2CH)(-O2CH)]3 features three bridging formate ligands.  Only two 
of the bridging formate ligands are unique based on the symmetry of the structure, with 
absolute Mo-O-C-O torsion angle sets of [174.65˚, 174.65˚] and [158.57˚, 155.02˚], 
respectively.  Such large torsion angles for molybdenum carboxylate compounds are, 
in fact, rather unusual.  Examination of the Cambridge Structural Database (CSD)36 
reveals that most of the 757 Mo-(-O2CR)-Mo compounds contain two Mo-O-C-O 




angle greater than 90˚,38-41 and none display two torsion angles greater than 90˚ without 
restraints imposed by additional coordination of the R group in Mo-(-O2CR)-Mo.41,42 
 
 
Figure 6.  Small (1) vs. large (2) Mo-O-C-O absolute torsion angles of Mo-(-O2CR)-
Mo compounds in the Cambridge Structural Database.  The torsion angles for 
[Mo(PMe3)3(CO)(O2CH)(-O2CH)]3 are displayed in red. 
 
Bridging carboxylates of this type have been previously classified as syn/syn, syn/anti 
or anti/anti (Figure 7).43  These categories can be quantitatively defined based on the 
small (1) vs. large (2) Mo-O-C-O absolute torsion angles (Table 1).  The lack of Mo-(-
O2CR)-Mo compounds with syn/anti and anti/anti conformations is in contrast to all 
metal-(-O2CR)-metal compounds, for which all three conformations are well-
represented.  For example, over 7,000 M-(-O2CR)-M compounds listed in the CSD 








Figure 7.  Classes of M-(-O2CR)-M compounds.43 
 
Table 1.  Definition of the classes of M-(-O2CR)-M compounds. 
Conformation ||1 /˚ ||2 /˚ 
syn/syn < 90 < 90 
syn/anti < 90 > 90 
anti/anti > 90 > 90 
 
 
3.2.3 Formic Acid Dehydrogenation by Mo(PMe3)6 
Though Mo(PMe3)6 will react with formic acid at room temperature to form the 
compounds discussed above, appreciable catalysis to release H2 and CO2 only occurs at 
elevated temperature.  Accordingly, a benzene solution containing Mo(PMe3)6 can 
effect formic acid dehydrogenation at 60˚C (Scheme 1).  The formation of H2 was 
observed by 1H NMR spectroscopy, while the formation of CO2 was confirmed by the 
corresponding reaction of H13CO2H.  Free CO was not observed.  Over a period of six 




turnover frequency (TOF) of 0.4 h-1.  For comparison, the TOF for Ni(PMe3)4 is 0.2 h-1 
(see Chapter 2).4 
 
3.3 Reactivity of W(PMe3)4(2-CH2PMe2)H towards Formic Acid 
We sought to compare the reactivity of Mo(PMe3)6 with the reactivity of the tungsten 
analogue, W(PMe3)6.  However, in solution, W(PMe3)6 loses PMe3 and forms the more 
thermodynamically favored compound, W(PMe3)4(2-CH2PMe2)H.6a  Thus, 
W(PMe3)4(2-CH2PMe2)H was used for these studies. 
 
3.3.1 W(PMe3)4(2-CH2PMe2)H with Few Equivalents of Formic Acid   
W(PMe3)4(2-CH2PMe2)H reacts with one equivalent of formic acid in benzene to form 
W(PMe3)4H2(O2CH)2 along with unreacted W(PMe3)4(2-CH2PMe2)H, according to 1H 
NMR spectroscopy.  This reactivity is in marked contrast to that observed for 
Mo(PMe3)6, which results in the oxidative addition of only one equivalent of formic acid 
to produce Mo(PMe3)4H(O2CH) (Scheme 2).  Additionally, reaction of W(PMe3)4(2-
CH2PMe2)H with two equivalents of formic acid resulted in complete conversion to 
W(PMe3)4H2(O2CH)2 rather than the immediate production of the carbonate complex, 
W(PMe3)2H2(O2CO). 
 
However, W(PMe3)4H2(O2CH)2 is not stable in solution.  Over time, the compound 
loses CO2 to form W(PMe3)4H3(O2CH).  W(PMe3)4H2(O2CO)44 is eventually produced, 
and a compound tentatively identified as W(PMe3)4H(CO)(O2CH) is also observed.  
Upon heating to 60˚C, all of the W(PMe3)4H2(O2CH)2 and W(PMe3)4H3(O2CH) is 




W(PMe3)4H2(CO).45  1H NMR spectra are given in Figure 8, and the products are listed 
in Scheme 3. 
 
 
Figure 8.  Hydride region of the 1H NMR spectra for W(PMe3)4(2-CH2PMe2)H and 
two equivalents of formic acid.  Note that W(PMe3)4H(CO)(O2CH) is a tentative 
assignment. 
 
The identity of W(PMe3)4H3(O2CH) has been confirmed by X-ray diffraction (Figure 9).  
This trihydride formate can also be produced via the reaction of formic acid with 
W(PMe3)4H4.  This is in contrast to the reactivity observed for the analogous 
compound, Mo(dppe)2H4, which forms [Mo(dppe)2H2(O2CR)]+ when RCO2H (R = CH3, 
C2H5, CH2=CH and CH2=CCH3) is added; however, Mo(dppe)2H3(O2CH) is proposed 






Figure 9.  Molecular structure of W(PMe3)4H3(O2CH) (methyl hydrogens omitted for 
clarity). 
 
Examination of the Cambridge Structural Database (CSD) reveals that there are only 
nine tungsten formate complexes, six of which contain terminal, unidentate formate 
ligands.47-51  Only two of these, [W3S4(O2CH)9]5– (50) and [WO(O2CH)(S2C2Me2)2]–,51 
feature distal formate ligands, as observed for W(PMe3)4H3(O2CH).52  These two 
compounds were synthesized via the addition of reagents containing [HCO2]–; this is in 
contrast to the four compounds that feature proximal formate ligands, which were all 
synthesized via the insertion of CO2 into a W-H bond.47,48,49  The only other structurally 
characterized compound of the type W(PMe3)4H3(O2CR), namely W(PMe3)4H3(O2CEt), 
also features a proximal conformation.22  
 
The proposed carbonyl formate complex, W(PMe3)4H(CO)(O2CH), was analyzed 




appears as a quintet at room temperature (2JP-H = 56 Hz), but low temperature 1H 
(Figure 10) and 31P{1H} NMR spectroscopy (Figure 11) reveals a more complex pattern 
involving four inequivalent PMe3 ligands.  An analogous reaction with H13CO2H also 
indicates the presence of a W(CO) moiety at  218.81 in the 13C{1H} NMR spectrum.31  
Finally, a formate singlet that integrates at a 1:1 ratio with the hydride peak appears at  
9.03 in the 1H NMR spectrum.  
 
 
Figure 10.  Hydride region of the 1H NMR spectra of W(PMe3)4(2-CH2PMe2)H and 
two equivalents of formic acid in d8-toluene at low temperature, with a peak tentatively 






Figure 11.  Select regions of the 31P{1H} NMR spectra of W(PMe3)4(2-CH2PMe2)H and 
two equivalents of formic acid in d8-toluene at low temperature, with peaks tentatively 
assigned to W(PMe3)4H(CO)(O2CH).  Note that the overlapping triplet at  –12 and 
singlet at  –26 (both labeled with *) belong to other compounds. 
 
DFT calculations confirm the plausibility of the proposed W(PMe3)4H(CO)(O2CH) 
compound.  As with the Mo analogue, a chemically reasonable geometry was 
identified (Figure 12).53 Precedent for a compound of the type W(P4)H(CO)(O2CR) is 






Figure 12.  Geometry optimized structure of W(PMe3)4H(CO)(O2CH) (methyl 
hydrogens omitted for clarity). 
 
3.3.2 W(PMe3)4(2-CH2PMe2)H with 5 Equivalents of Formic Acid 
When five equivalents of formic acid are added to a solution of W(PMe3)4(2-
CH2PMe2)H, crystals of the W trimer, [W(PMe3)3(CO)(O2CH)(-O2CH)]3, are obtained 
(Figure 13).  The compound is both isostructural and isomorphous to the Mo analogue.  
Again, the proposed W(PMe3)4H(CO)(O2CH) is a rational precursor for this complex.  
Structural characterization of the trimer confirms the ability of W(PMe3)4(2-
CH2PMe2)H to react with formic acid to produce both W(CO) and W(O2CO) moieties 
(Scheme 3).  One example of a W compound that can effect the disproportionation of 






Figure 13.  Molecular structure of [W(PMe3)3(CO)(O2CH)(-O2CH)]3 (methyl 






Scheme 3.  Reactivity of W(PMe3)4(2-CH2PMe2)H towards varying equivalents of 
formic acid.  Note that W(PMe3)4H(CO)(O2CH) is a tentative assignment. 
 
[W(PMe3)3(CO)(O2CH)(-O2CH)]3 displays the same unusual anti/anti configuration of 
the bridging formate ligands as the Mo analogue (Figure 7), with absolute W-O-C-O 
torsion angle sets of [174.48˚, 174.48˚] and [156.63˚, 160.04˚], respectively.  There are 104 
other compounds listed in the CSD36 that feature carboxylate ligands bridging two W 
centers.  As with Mo, most of the W-(-O2CR)-W compounds contain two W-O-C-O 
absolute torsion angles less than 90˚ (Figure 14).55  In fact, no W compounds display 
any torsion angles greater than 90˚ without restraints imposed by additional 





Figure 14.  Absolute torsion angles of W-(-O2CR)-Mo compounds in the Cambridge 
Structural Database.  The torsion angles for [W (PMe3)3(CO)(O2CH)(-O2CH)]3 are 
displayed in red. 
 
3.3.3 Formic Acid Dehydrogenation by W(PMe3)4(2-CH2PMe2)H 
Similar to Mo(PMe3)6, W(PMe3)4(2-CH2PMe2)H is not an effective formic acid 
dehydrogenation catalyst at room temperature.  However, heating a benzene solution 
containing W(PMe3)4(2-CH2PMe2)H and formic acid to 60˚C does result in catalysis 
(Scheme 1). The formation of H2 was observed by 1H NMR spectroscopy, while the 
formation of CO2 was confirmed by the corresponding reaction of H13CO2H.  Free CO 
was not observed.  Over a period of eight days, a total (TON) of 30 is obtained.  This 
corresponds to a TOF of 0.2 h-1.  This is the same as the TOF for Ni(PMe3)4 (see Chapter 





3.4 Summary and Conclusions 
The reactivity of Mo(PMe3)6 and W(PMe3)4(2-CH2PMe2)H towards formic acid has 
been investigated.  In the presence of low concentrations of formic acid, Mo(PMe3)6 can 
form Mo(PMe3)4H(O2CH), Mo(PMe3)4H2(O2CO) and a species tentatively identified as 
Mo(PMe3)4H(CO)(O2CH).  W(PMe3)4(2-CH2PMe2)H, however, reacts with formic acid 
to produce W(PMe3)4H2(O2CH)2, which undergoes decarboxylation to form 
W(PMe3)4H3(O2CH).  As with the Mo counterpart, W(PMe3)4H2(O2CO) and 
W(PMe3)4H(CO)(O2CH) were also observed.  In the presence of higher concentrations 
of formic acid, crystals of the trimeric species [M(PMe3)3(CO)(O2CH)(-O2CH)]3 (M = 
Mo, W) are obtained.  Both of these trimers exhibit an anti/anti mode for the bridging 
formate ligands, which is unusual for Group 6 bridging carboxylates.  Finally, both 
Mo(PMe3)6 and W(PMe3)4(2-CH2PMe2)H are able to achieve modest catalysis for the 
dehydrogenation of formic acid, resulting in turnover numbers of 50 and 30, 
respectively. 
 
3.5 Experimental Details 
3.5.1 General Considerations 
All manipulations were performed using a combination of glovebox, high vacuum and 
Schlenk techniques under a nitrogen or argon atmosphere.58 Solvents were purified 
and degassed by standard procedures.  NMR spectra were measured on Bruker 300 
DRX and Bruker Avance 500 DMX spectrometers.  1H NMR spectra are reported in 
ppm relative to SiMe4 ( = 0) and were referenced internally with respect to the protio 
solvent impurity ( = 7.16 for C6D5H,  = 2.08 for C7D7H).59  When required for 
quantitative integration, 1H NMR spectra were acquired with an extended d1 of 60 s 




ppm relative to SiMe4 ( = 0) and were referenced internally with respect to the solvent 
( = 128.06 for C6D6).59  31P NMR chemical shifts are reported in ppm relative to 85% 
H3PO4 ( = 0) and were referenced electronically by using the 1H resonance frequency of 
SiMe4.60  Coupling constants are reported in hertz.  Infrared spectra were recorded on 
a Perkin Elmer Spectrum Two spectrometer, and are reported in reciprocal centimeters.  
Mo(PMe3)6,5c W(PMe3)4(2-CH2PMe2)H,19 and W(PMe3)4H419 have been reported and 
were prepared by the literature methods.  Other chemicals were obtained from Sigma-
Aldrich [formic acid, mesitylene, CO2] and Cambridge Isotope Laboratories [H13CO2H], 
and used as supplied. 
 
3.5.2 X-ray Structure Determinations 
X-ray diffraction data were collected on a Bruker Apex II diffractometer.  Crystal data, 
data collection and refinement parameters are summarized in Table 2.  The structures 
were solved using direct methods and standard difference map techniques, and were 
refined by full-matrix least-squares procedures on F2 with SHELXTL (Versions 2013/4 
and 2014/7).61 
 
3.5.3 Computational Details 
Calculations were carried out using DFT as implemented in the Jaguar 8.9 (release 15) 
suite of ab initio quantum chemistry programs.62  Geometry optimizations were 
performed with the B3LYP density functional using the 6-31G**++ (H, C, O, P) and 
LACVP (Mo, W) basis sets.  The energies of the optimized structures in the gas phase 
were also re-evaluated by additional single point calculations on each optimized 
geometry using the cc-pVTZ(-f)++ correlation consistent triple- (H, C, O, P) and 
LAV3P (Mo, W) basis sets.  Cartesian coordinates and energies of the geometry 




3.5.4 Reactivity of Mo(PMe3)6 towards Formic Acid 
1. Reactivity of Mo(PMe3)6 towards One Equivalent of Formic Acid  
Formic acid (1.0 mL, 0.027 mmol) was added to a suspension of Mo(PMe3)6 (15 mg, 
0.027 mmol) in C6D6 (ca. 0.7 mL).  The reaction was left at room temperature for one 
day, at which point the two predominant Mo hydride species in solution were 
Mo(PMe3)4H(O2CH)21 and Mo(PMe3)4H2(O2CO),22 according to 1H NMR spectroscopy. 
 
 
Figure 15.  Hydride region of the 1H NMR spectrum of Mo(PMe3)6 and one equivalent 
of formic acid in C6D6 after one day at room temperature. 
 
2. Reactivity of Mo(PMe3)6 towards Two Equivalents of Formic Acid  
Formic acid (2.0 mL, 0.053 mmol) was added to a suspension of Mo(PMe3)6 (15 mg, 
0.027 mmol) in C6D6 (ca. 0.7 mL).  The reaction was left at room temperature for three 
days, at which point the two predominant Mo hydride species in solution were 
Mo(PMe3)4H2(O2CO)22 and a species tentatively identified as Mo(PMe3)4H(CO)(O2CH) 
[select 1H NMR (C6D6): –6.78 [quint, MoH, 2JP-H = 58], 9.14 [s, Mo(O2CH)]], according to 







Figure 16.  Hydride region of the 1H NMR spectrum of Mo(PMe3)6 and two 
equivalents of formic acid in C6D6 after three days at room temperature. 
 
3. Low Temperature Spectroscopy of Mo(PMe3)6 and Two Equivalents of Formic Acid  
Formic acid (2.0 mL, 0.053 mmol) was added to a suspension of Mo(PMe3)6 (15 mg, 
0.027 mmol) in d8-toluene (ca. 0.7 mL).  The reaction was left at room temperature for 
two days, at which point the two predominant Mo hydride species in solution were 
Mo(PMe3)4H2(O2CO)22 and a species tentatively identified as Mo(PMe3)4H(CO)(O2CH) 
[select 1H NMR (C7D8): –6.78 [quint, MoH, 2JP-H = 58], 9.14 [s, Mo(O2CH)]], according to 
1H NMR spectroscopy.  The mixture was slowly cooled to 190K and monitored by 1H 
(Figure 2) and 31P{1H} NMR spectroscopy (Figure 3).  Select 1H NMR (C7D8, 190K) for 
Mo(PMe3)4H(CO)(O2CH): 9.31 [s, Mo(O2CH)], –7.01 [dddd, MoH, , 2JP-H = 19, 2JP-H = 32, 
2JP-H = 84, 2JP-H = 102].  31P{1H} NMR (C7D8, 190K) for Mo(PMe3)4H(CO)(O2CH): 18.08 
[ddd, 2JP-P = 22, 2JP-P = 43, 2JP-P = 60], 15.69 [ddd, 2JP-P = 26, 2JP-P = 60, 2JP-P = 116], –13.00 
[ddd, 2JP-P = 26, 2JP-P = 43, 2JP-P = 116], –17.87 [dt, 2JP-P = 22, 2JP-P = 26].  
 
4. Formic Acid Dehydrogenation Catalyzed by Mo(PMe3)6  
Formic acid (3.7 L, 0.098 mmol) was added to a yellow solution of Mo(PMe3)6 (5.6 mg, 
0.010 mmol) in C6D6 (0.64 mL) containing mesitylene (3.0 L, 0.022 mmol) as an internal 




spectroscopy.  Most of the formic acid was consumed after a period of two days, at 
which point another portion of formic acid (3.7 L, 0.098 mmol) was added, and the 
mixture was heated again at 60˚C.  A total of five aliquots of formic acid were added 
over a period of six days, corresponding to a turnover number of 50.  The turnover 
frequency over the entire experiment was 0.4 h-1.  The formation of H2 was observed 
by 1H NMR spectroscopy, while the formation of CO2 was confirmed by examining the 
corresponding reaction of H13CO2H with 13C{1H} NMR spectroscopy (see below).  
During the course of the catalysis, a small quantity of methyl formate arising from 
disproportionation is also observed. 
 
 
Figure 17.  1H NMR spectrum of Mo(PMe4)6 in C6D6 after heating at 60˚C with five 
sequential aliquots of formic acid.  Note that there is significant decomposition of 





3.5.5 Reactivity of Mo(PMe3)6 towards H13CO2H 
1. Reactivity of Mo(PMe3)6 towards Two Equivalents of H13CO2H  
H13CO2H (2.0 mL, 0.053 mmol) was added to a suspension of Mo(PMe3)6 (15 mg, 0.027 
mmol) in C6D6 (ca. 0.7 mL).  The reaction was left at room temperature for two days, at 
which point the two predominant Mo hydride species in solution were 
Mo(PMe3)4H2(O2CO)22 and a species tentatively identified as Mo(PMe3)4H(CO)(O2CH), 
according to NMR spectroscopy.  Select 13C{1H} NMR (C6D6) for 
Mo(PMe3)4H(CO)(O2CH): 225.03 [s, Mo(CO)], 170.17 [s, Mo(O2CH)]. 
 
2. H13CO2H Dehydrogenation Catalyzed by Mo(PMe3)6  
H13CO2H (3.7 L, 0.098 mmol) was added to a yellow solution of Mo(PMe3)6 (5.6 mg, 
0.010 mmol) in C6D6 (ca. 0.7 mL).  The sample was heated to 60˚C and monitored by 
1H, 31P{1H} and 13C{1H} NMR spectroscopy.  Most of the formic acid was consumed 
after a period of three days, at which point there was a significant amount of CO2 and 
no CO ( 184.41)63 in the 13C{1H} NMR spectrum.  There was, however, a peak in the 






Figure 18.  13C{1H} NMR spectrum of Mo(PMe4)6 in C6D6 after heating at 60˚C with 
H13CO2H.  Note that there is a Mo(CO) peak tentatively assigned to 
Mo(PMe3)4H(CO)(O2CH) and that there are trace amounts of methyl formate (MF). 
 
3.5.6 Crystallization of Mo(PMe3)4H2(O2CO)  
Formic acid (3.1 L, 0.082 mmol) was added to a suspension of Mo(PMe3)6 (15 mg, 0.027 
mmol) in C6D6 (ca. 0.7 mL).  The mixture was left at room temperature for a period of 
six days, at which point colorless crystals of Mo(PMe3)4H2(O2CO)22 suitable for X-ray 
diffraction deposited out of the benzene solution. 
 
3.5.7 Crystallization of [Mo(PMe3)3(CO)(O2CH)(-O2CH)]3  
Formic acid (20.5 L, 0.543 mmol) was added to a suspension of Mo(PMe3)6 (15 mg, 




vapor diffusion of pentane into this benzene solution.  IR (cm-1): 3392 (w), 2963 (w), 
2917 (w), 2848 (w), 1926 (w), 1832 (m), 1768 (m), 1644 (m), 1580 (m), 1469 (w), 1420 (w), 
1297 (m), 1261 (m), 1094 (m), 1020 (m), 946 (s), 857 (w), 794 (m), 722 (w), 665 (w). 
 
3.5.8 Reactivity of W(PMe3)4(2-CH2PMe2)H towards Formic Acid 
1. Reactivity of W(PMe3)4(2-CH2PMe2)H towards One Equivalent of Formic Acid  
Formic acid (0.70 L, 0.019 mmol) was added to a solution of W(PMe3)4(2-CH2PMe2)H 
(10 mg, 0.018 mmol) in C6D6 (ca. 0.7 mL), which resulted in the immediate formation of 
W(PMe3)4H2(O2CH)2 on the basis of 1H and 31P{1H} NMR spectroscopy [1H NMR (C6D6): 
9.01 [s, 2H of W(O2CH)2], 1.35 [t, 18H of W(PMe3)2, J = 5], 1.11 [t, 18H of W(PMe3)2, J = 
4], -1.87 [m, 2H of WH2].  31P{1H} NMR (C6D6): -15.46 [t, 2P of W(PMe3)2, 2JP-P = 




Figure 19.  Hydride region of the 1H NMR spectrum of W(PMe3)4(2-CH2PMe2)H and 





2. Reactivity of W(PMe3)4(2-CH2PMe2)H towards Two Equivalents of Formic Acid  
Formic acid (1.4 L, 0.037 mmol) was added to a solution of W(PMe3)4(2-CH2PMe2)H 
(10 mg, 0.018 mmol) in C6D6 (ca. 0.7 mL), which resulted in the immediate formation of 
W(PMe3)4H2(O2CH)2 on the basis of 1H and 31P{1H} NMR spectroscopy (Figure 8).  The 
mixture was left at room temperature for a period of four days and monitored by NMR 
spectroscopy, thereby demonstrating the formation of W(PMe3)4H2(O2CO),44 
W(PMe3)4H3(O2CH) [1H NMR (C6D6): 8.84 [s, 1H of W(O2CH)], 1.77 [m, 1H of WH], 1.38 
[d, 18H of W(PMe3)2, 3JP-H = 8], 1.27 [d, 18H of W(PMe3)2, 2JP-H = 6], -3.20 [m, 2H of 
WH2].  31P{1H} NMR (C6D6): -12.65 [t, 1P of W(PMe3), J = 17], -12.84 [t, 1P of W(PMe3), J 
= 17], -21.71 [t, 2P of W(PMe3)2, J = 17]] and a species tentatively identified as 
W(PMe3)4H(CO)(O2CH) [Select 1H NMR (C6D6): 9.03 [s, H of W(O2CH)], -5.54 [q, 1H of 
WH, 2JP-H = 56]] (Figure 8).  The reaction was then heated to 60˚C for four days, at 
which point the only species remaining were W(PMe)4H2(O2CO)44 and 
W(PMe3)4H(CO)(O2CH).  W(PMe3)4H2(CO) was also observed according to NMR 
spectroscopy (Figure 8).45 
 
3. Low Temperature Spectroscopy of W(PMe3)4(2-CH2PMe2)H and Two Equivalents of Formic 
Acid  
Formic acid (2.8 mL, 0.074 mmol) was added to a solution of W(PMe3)4(2-CH2PMe2)H 
(20 mg, 0.035 mmol) in d8-toluene (ca. 0.7 mL).  The reaction was heated to 60˚C for 
two days, at which point the predominant W hydride species in solution were 
W(PMe3)4H2(O2CO),44 W(PMe3)4H2(CO),45 and a species tentatively identified as 
W(PMe3)4H(CO)(O2CH) [Select 1H NMR (C7D8): 8.82 [s, H of W(O2CH)], -5.61 [q, 1H of 
WH, 2JP-H = 56]], according to 1H NMR spectroscopy.  The mixture was slowly cooled 
to 190K and monitored by 1H (Figure 10) and 31P{1H} NMR spectroscopy (Figure 11). 




[dddd, WH, 2JP-H = 18, 2JP-H = 28, 2JP-H = 76, 2JP-H = 102]. 31P{1H} NMR (C7D8, 190K) for 
W(PMe3)4H(CO)(O2CH): –10.21 [ddd, 2JP-P = 26, 2JP-P = 41, 2JP-P = 115], –13.56 [dt, 2JP-P = 
17, 2JP-P = 41], –24.35 [ddd, 2JP-P = 17, 2JP-P = 41, 2JP-P = 115], –32.09 [dt, 2JP-P = 26, 2JP-P = 17]. 
 
4. Formic Acid Dehydrogenation Catalyzed by W(PMe3)4(2-CH2PMe2)H  
Formic acid (3.7 L, 0.098 mmol) was added to a yellow solution of W(PMe3)4(2-
CH2PMe2)H (5.6 mg, 0.0099 mmol) in C6D6 (0.64 mL) containing mesitylene (3.0 L, 
0.022 mmol) as an internal standard.  The sample was heated to 60˚C and monitored 
by 1H and 31P{1H} NMR spectroscopy.  Most of the formic acid was consumed after a 
period of three days, at which point another portion of formic acid (3.7 L, 0.098 mmol) 
was added, and the mixture was heated again at 60˚C.  A total of three aliquots of 
formic acid were added over a period of eight days, corresponding to a turnover 
number of 30.  The turnover frequency over the entire experiment was 0.2 h-1.  The 
formation of H2 was observed by 1H NMR spectroscopy, while the formation of CO2 
was confirmed by examining the corresponding reaction of H13CO2H with 13C{1H} NMR 
spectroscopy (see below).  During the course of the catalysis, a small quantity of 






Figure 20.  1H NMR spectrum of W(PMe3)4(2-CH2PMe2)H in C6D6 after heating at 
60˚C with three sequential aliquots of formic acid.  Note that there is significant 
decomposition of W(PMe3)4(2-CH2PMe2)H and that there are trace amounts of methyl 
formate (MF). 
 
3.5.9 Reactivity of W(PMe3)4(2-CH2PMe2)H towards H13CO2H 
1. Reactivity of W(PMe3)4(2-CH2PMe2)H towards Two Equivalents of H13CO2H  
H13CO2H (1.3 mL, 0.034 mmol) was added to a solution of W(PMe3)4(2-CH2PMe2)H (10 
mg, 0.018 mmol) in C6D6 (ca. 0.7 mL), which resulted in the immediate formation of 
W(PMe3)4H2(O2CH)2 on the basis of 1H, 31P{1H}, and 13C{1H} NMR spectroscopy [13C{1H} 
NMR (C6D6): 167.06 [s, 2C of W(O2CH)2], 26.56 [t, 6C of W(PMe3)2, J = 15], 19.41 [t, 6C of 




and monitored by NMR spectroscopy, thereby demonstrating the formation of 
W(PMe3)4H2(O2CO),44 W(PMe3)4H3(O2CH) [13C{1H} NMR (C6D6): 173.46 [dd, 1C of 
W(O2CH), 3JP-C = 11, 3JP-C =8], 31.73 [d, 6C of W(PMe3)2, 1JP-C = 33], 23.37 [d, 6C of 
W(PMe3)2, 1JP-C = 22]] and a species tentatively identified as W(PMe3)4H(CO)(O2CH) 
[Select 13C{1H} NMR (C6D6): 218.81 [s, W(CO)], 171.90 [s, W(O2CH)]. 
 
2. H13CO2H Dehydrogenation Catalyzed by W(PMe3)4(2-CH2PMe2)H 
H13CO2H (3.7 L, 0.098 mmol) was added to a solution of W(PMe3)4(2-CH2PMe2)H (5.6 
mg, 0.0099 mmol) in C6D6 (ca. 0.7 mL).  The sample was heated to 60˚C and monitored 
by 1H, 31P{1H} and 13C{1H} NMR spectroscopy.  Most of the formic acid was consumed 
after a period of three days, at which point there was a significant amount of CO2 and 
no CO ( 184.41)63 in the 13C{1H} NMR spectrum.  There was, however, a peak in the 






Figure 21.  13C{1H} NMR spectrum of W(PMe3)4(2-CH2PMe2)H in C6D6 after heating at 
60˚C with H13CO2H.  Note that there is a W(CO) peak tentatively assigned to 
W(PMe3)4H(CO)(O2CH) and that there are trace amounts of methyl formate (MF). 
 
3.5.10 Crystallization of W(PMe3)4H3(O2CH) 
1. Formation of W(PMe3)4H3(O2CH) from W(PMe3)4(2-CH2PMe2)H  
Formic acid (ca. 20 L, 0.5 mmol) was added to a solution of W(PMe3)4(2-CH2PMe2)H 
(12 mg, 0.021 mmol) in C6D6 (ca. 0.7 mL).  Yellow crystals of W(PMe3)4H3(O2CH) 
suitable for X-ray diffraction were obtained via the slow evaporation of benzene from 





2. Formation of W(PMe3)4H3(O2CH) from W(PMe3)4H4  
Formic acid (10 L, 0.27 mmol) was added to a solution of W(PMe3)4H4 (3 mg, 0.006 
mmol) in C6D6 (ca. 0.7 mL).  Yellow crystals of W(PMe3)4H3(O2CH) suitable for X-ray 
diffraction were obtained via the slow evaporation of benzene from this solution.  
 
3.5.11 Reactivity of W(PMe3)4H4 towards CO2  
A solution of W(PMe3)4H4 (3 mg, 0.006 mmol) in C6D6 (ca. 0.7 mL) was degassed via a 
freeze-pump-thaw cycle and exposed to CO2 (1 atm.).  The mixture was heated to 60˚C 
for a period of eight days and monitored by 1H and 31P{1H} NMR spectroscopy, thereby 
demonstrating the formation of W(PMe3)4H2(O2CO)44 and W(PMe3)4H(CO)(O2CH). 
 
 
Figure 22.  Hydride region of the 1H NMR spectrum of W(PMe3)4H4 and CO2 in C6D6 
after eight days of heating at 60˚C. 
 
3.5.12 Crystallization of [W(PMe3)3(CO)(O2CH)(-O2CH)]3  
Formic acid (3.3 L, 0.087 mmol) was added to a solution of W(PMe3)4(2-CH2PMe2)H 
(10 mg, 0.018 mmol) in C6D6 (ca. 0.7 mL).  The mixture was heated to heated to 60˚C for 
a period of three days and monitored by 1H and 31P{1H} NMR spectroscopy, thereby 




Yellow crystals of [W(PMe3)3(CO)(O2CH)(-O2CH)]3 suitable for X-ray diffraction were 
obtained via vapor diffusion of pentane into this solution.  IR (cm-1): 3386 (w), 2973 (w), 
2908 (w), 2360 (w), 1757 (m), 1621 (m), 1516 (w), 1423 (m), 1300 (m), 1277 (m), 1236 (m), 





3.6 Crystallographic Data 
Table 2.  Crystal, intensity collection, and refinement data. 
 Mo(PMe3)4H2(O2CO) [Mo(PMe3)3(CO)(O2CH)(-
O2CH)]3•C6H6 
lattice Orthorhombic Monoclinic 
formula C13H38MoO3P4 C42H93Mo3O15P9 
formula weight 462.25 1404.71 
space group Cmcm P21/m 
a/Å 13.054(5) 10.0921(13) 
b/Å 12.192(5) 22.081(3) 
c/Å 13.499(5) 15.1314(19) 
/˚ 90 90 
/˚ 90 99.6538(19) 
/˚ 90 90 
V/Å3 2148.4(14) 3324.2(7) 
Z 4 2 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.429 1.403 
 (Mo K), mm-1 0.914 0.825 
 max, deg. 30.622 32.994 
no. of data collected 17079 59485 
no. of data 1784 12221 
no. of parameters 68 342 
R1 [I > 2(I)] 0.0375 0.0338 
wR2 [I > 2(I)] 0.0866 0.0765 
R1 [all data] 0.0490 0.0488 














lattice Orthorhombic Monoclinic 
formula C13H40O2P4W C42H93O15P9W3 
formula weight 536.18 1668.44 
space group Cmc21 P21/m 
a/Å 13.8489(16) 10.0761(5) 
b/Å 13.2166(15) 22.0028(11) 
c/Å 12.2937(14) 15.0676(8) 
/˚ 90 90 
/˚ 90 99.0121(7) 
/˚ 90 90 
V/Å3 2250.2(4) 3299.3(3) 
Z 4 2 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.583 1.679 
 (Mo K), mm-1 5.418 5.487 
 max, deg. 32.203 33.036 
no. of data collected 19616 59858 
no. of data 4082 12336 
no. of parameters 117 372 
R1 [I > 2(I)] 0.0413 0.0443 
wR2 [I > 2(I)] 0.0768 0.1018 
R1 [all data] 0.0578 0.0617 









3.7 Cartesian Coordinates for Geometry Optimized Structures 
Table 3. Cartesian Coordinates for Geometry Optimized Mo(PMe3)4H(CO)(O2CH) 
(Proximal) 
Mo(PMe3)4H(CO)(O2CH) (Proximal) 
ESCF = -2215.57647199906 Hartrees 
atom x y z 
Mo 3.5853019434 2.2781125336 6.8274148001 
P 5.0370329501 2.5086551164 8.8499958263 
C 6.8897053778 2.6050690931 8.7327551345 
C 4.8616475902 1.1449259831 10.0904045432 
C 4.7087429960 3.9878361413 9.9133770254 
C 2.2269296856 2.3760669280 8.2274899467 
P 1.9178676687 1.0172661262 5.1920838489 
C 2.4524580580 -0.6491044412 4.5768315890 
C 0.2802043905 0.5926083902 5.9362003482 
C 1.3934167058 1.7665982345 3.5675634533 
P 2.4586797156 4.3833589518 6.1562419156 
C 2.7399603930 5.8357872064 7.2747760300 
C 2.8558844350 5.1829292837 4.5200575927 
C 0.5970956782 4.4431836621 6.1224793062 
P 5.4977941019 2.1064824696 5.0204639393 
C 6.5882697211 0.6099146618 5.1361757011 
C 6.7710932611 3.4612625038 5.0049180339 
C 5.1290950692 2.0699385561 3.1923254831 
O 4.2919131820 0.1681255020 7.1727662298 




H 7.3429060583 2.6181010148 9.7303842788 
H 7.1832482185 3.5160036276 8.2039058216 
H 7.2739264811 1.7402356998 8.1851667983 
H 5.4015310142 1.3919397624 11.0109595274 
H 5.2635678342 0.2197338490 9.6736000298 
H 3.8046062852 0.9881998929 10.3192967873 
H 5.3286018062 3.9680688396 10.8163189721 
H 4.9227030685 4.9011399974 9.3522854575 
H 3.6552635413 3.9982580962 10.2049870437 
H 1.7338564509 -1.0258351029 3.8405278375 
H 3.4415125148 -0.5947785888 4.1151743951 
H 2.4945398352 -1.3395369754 5.4195026546 
H -0.3326699897 0.0133417611 5.2361109038 
H -0.2562829197 1.5022741069 6.2174852436 
H 0.4756250394 0.0067449921 6.8375120651 
H 0.9119077733 2.7363121905 3.7075230371 
H 0.6840361698 1.1024707425 3.0615523876 
H 2.2608582260 1.9078994015 2.9183715599 
H 2.1617444933 6.7063349864 6.9461838625 
H 3.8029303377 6.0907754926 7.2827636621 
H 2.4406442324 5.5709080287 8.2920852106 
H 2.3046127448 6.1203275274 4.3847442001 
H 2.6085754281 4.5060617422 3.6982287186 
H 3.9281052186 5.3966039605 4.4763990287 
H 0.2188346526 4.1593088330 7.1085695702 




H 0.2452497789 5.4522961462 5.8824657236 
H 5.9780714900 -0.2899490164 5.0314189746 
H 7.0523439129 0.5662477895 6.1240281516 
H 7.3677374228 0.6241546632 4.3660204726 
H 7.5348896667 3.2847141838 4.2391984982 
H 7.2574423161 3.5263287313 5.9802873129 
H 6.2847177507 4.4206773680 4.8060111047 
H 4.5229406070 1.1946096923 2.9443298215 
H 6.0538765594 2.0265481329 2.6058297859 
H 4.5735894340 2.9670009395 2.9040647851 
O 1.4219789614 2.5006712500 9.0820736088 
C 3.6486272154 -0.8276925811 7.6782478576 
H 4.3115744587 -1.6845269496 7.9328372516 
O 2.4332528168 -0.9315248706 7.8756742997 
 
Table 4. Cartesian Coordinates for Geometry Optimized Mo(PMe3)4H(CO)(O2CH) 
(Distal) 
Mo(PMe3)4H(CO)(O2CH) (Distal) 
ESCF = -2215.87229744261 Hartrees 
atom x y z 
Mo 3.5498705294 2.2845087577 6.8456363984 
P 5.0708195301 2.4530482476 8.8359770780 
C 6.8254013391 3.0406417355 8.6601506671 
C 5.3535136081 0.8953436239 9.7959294716 
C 4.5001683534 3.5991718627 10.1723217715 




P 1.9197831040 1.0360929334 5.1406422639 
C 2.4868206250 -0.6311682386 4.5625468087 
C 0.2906654698 0.5831376348 5.8977652356 
C 1.3653268067 1.7496506143 3.5119051424 
P 2.4928485030 4.4135599703 6.1154820240 
C 2.7804065065 5.8615730867 7.2350758104 
C 2.9280857199 5.1837055942 4.4768535636 
C 0.6340785420 4.4914704024 6.0505732360 
P 5.5018665912 2.0540467039 5.0837009595 
C 6.5717519867 0.5612974125 5.3326240251 
C 6.7710302845 3.4101898247 4.9927207818 
C 5.1656297488 1.9139469258 3.2545731184 
O 3.9465258784 0.1289281096 7.0964048326 
H 4.3992230122 3.7629234521 7.0333311198 
H 7.3183578899 3.0803577348 9.6375797226 
H 6.8394098322 4.0401987245 8.2171049998 
H 7.3912531492 2.3628425528 8.0151473855 
H 6.0373972556 1.0817563752 10.6307838206 
H 5.7710228565 0.1250518982 9.1435485025 
H 4.4050301398 0.5231320788 10.1902613023 
H 5.1850382491 3.5749942264 11.0268474072 
H 4.4505279399 4.6194542216 9.7823811737 
H 3.4998250722 3.3101147793 10.5033152978 
H 1.7102235653 -1.0883476210 3.9393166197 
H 3.4024375481 -0.5393963033 3.9735675509 




H -0.3241127160 0.0052338728 5.1988913285 
H -0.2507019735 1.4824422472 6.2014581832 
H 0.4704623836 -0.0189492238 6.7924465762 
H 0.8450908225 2.7008801452 3.6419890178 
H 0.6876237062 1.0530375849 3.0061982625 
H 2.2315355073 1.9196913261 2.8671876426 
H 2.2152380619 6.7398547014 6.9046273603 
H 3.8465592799 6.1023216501 7.2541174102 
H 2.4684605117 5.5941359074 8.2482626413 
H 2.3941962752 6.1277691305 4.3200743653 
H 2.6800621528 4.4980037692 3.6621807706 
H 4.0041727608 5.3782182980 4.4450452562 
H 0.2379929596 4.2331573014 7.0366311248 
H 0.2278613165 3.7840615289 5.3257213613 
H 0.2950778071 5.4978042536 5.7823016879 
H 5.9330119125 -0.3218750124 5.4092099413 
H 7.1111032841 0.6501442130 6.2798771725 
H 7.2964554458 0.4419001783 4.5196693494 
H 7.5645525378 3.1619389081 4.2789119216 
H 7.2180530581 3.5834319178 5.9725864732 
H 6.2898255111 4.3394490961 4.6728534956 
H 4.5665028690 1.0268346953 3.0376666514 
H 6.1026168985 1.8427633204 2.6906115075 
H 4.6167697338 2.7952452792 2.9096976084 
O 1.3259341812 2.5858685771 9.0269090578 




O 3.2999066098 -1.9212012658 7.7587747673 
H 2.6646099380 -0.2118783205 8.6407413025 
 
Table 5. Cartesian Coordinates for Geometry Optimized W(PMe3)4H(CO)(O2CH) 
(Proximal) 
W(PMe3)4H(CO)(O2CH) (Proximal) 
ESCF = -2215.57647199906 Hartrees 
atom x y z 
W 3.5817440129 2.2822734065 6.8178567939 
P 5.0446536976 2.4933684559 8.8361782784 
C 6.8859384364 2.7317668648 8.7187502257 
C 4.9743009822 1.0718485998 10.0201132647 
C 4.6253600444 3.9039929920 9.9583019048 
C 2.2287958970 2.4104723142 8.2165387936 
P 1.9252048965 1.0407873184 5.2080227522 
C 2.4392467323 -0.6344619860 4.5986185219 
C 0.2835280933 0.6363221195 5.9523328778 
C 1.4156198437 1.7943293785 3.5833448212 
P 2.4536193536 4.3794117654 6.1343394391 
C 2.7448998792 5.8249387330 7.2590886148 
C 2.8464342610 5.1938139885 4.5018002089 
C 0.5919907097 4.4476659210 6.1093174063 
P 5.4717656663 2.0790465264 5.0513854141 
C 6.5712980070 0.5903061929 5.1949714680 
C 6.7335570593 3.4429532138 5.0160870623 




O 4.2117727899 0.1796573112 7.1506129447 
H 4.4362381267 3.7776113562 6.9292824629 
H 7.3406893867 2.7513031191 9.7154756878 
H 7.1050933251 3.6784995618 8.2170939918 
H 7.3372180771 1.9176104807 8.1449069470 
H 5.5057657611 1.3172980771 10.9457149039 
H 5.4314259191 0.1909518380 9.5650276399 
H 3.9313581276 0.8393806119 10.2503679021 
H 5.2522311784 3.8890804985 10.8565408041 
H 4.7771876006 4.8495685859 9.4316960919 
H 3.5749625574 3.8344677488 10.2522936572 
H 1.7252464893 -0.9928910889 3.8491639352 
H 3.4367251748 -0.5996260807 4.1543653398 
H 2.4513018734 -1.3301133801 5.4376848978 
H -0.3323534107 0.0559827744 5.2560382891 
H -0.2443603302 1.5530401670 6.2253578153 
H 0.4728128081 0.0573353178 6.8594477233 
H 0.9530978815 2.7730248156 3.7196639838 
H 0.6927029634 1.1404666204 3.0837979029 
H 2.2844244603 1.9147155174 2.9324969221 
H 2.1712461547 6.7002178661 6.9348576477 
H 3.8094186081 6.0731371103 7.2662825528 
H 2.4445719994 5.5545794517 8.2745475183 
H 2.2927385626 6.1306946906 4.3720264367 
H 2.6037890939 4.5227012036 3.6739222397 




H 0.2191631720 4.1539135173 7.0946597041 
H 0.1675942645 3.7675840056 5.3688286266 
H 0.2458411924 5.4621065700 5.8845879004 
H 5.9674018759 -0.3150583209 5.1023568666 
H 7.0346750530 0.5661543948 6.1839962242 
H 7.3522960222 0.5977092336 4.4265670587 
H 7.5003780734 3.2561908103 4.2560754778 
H 7.2153577184 3.5316763825 5.9912719245 
H 6.2389063544 4.3931392093 4.7956371493 
H 4.5138604970 1.1301031006 2.9814404677 
H 6.0459520779 1.9598388019 2.6448254347 
H 4.5621880677 2.9026037436 2.9155902903 
O 1.4197833652 2.5561163090 9.0718051799 
C 3.5842965709 -0.8135276772 7.6903991812 
H 4.2610392862 -1.6615624774 7.9321210381 
O 2.3779651049 -0.9163311068 7.9229033211 
 
Table 6. Cartesian Coordinates for Geometry Optimized W(PMe3)4H(CO)(O2CH) 
(Distal) 
W(PMe3)4H(CO)(O2CH) (Distal) 
ESCF = -2215.87229744261 Hartrees 
atom x y z 
W 3.5574606097 2.2839109823 6.8378593405 
P 5.0801246167 2.4240997050 8.8280194531 
C 6.8299032490 3.0310843907 8.6632864997 




C 4.5010384002 3.5555063147 10.1723591396 
C 2.1813745657 2.4587469241 8.1999535068 
P 1.9402925499 1.0430407048 5.1575321723 
C 2.4976775664 -0.6260272612 4.5752869747 
C 0.3092393247 0.5942725130 5.9115895649 
C 1.3948692496 1.7674976034 3.5325873562 
P 2.4777877325 4.3940164056 6.0905651346 
C 2.7816748576 5.8464412148 7.1994348887 
C 2.8841494152 5.1694638506 4.4443382429 
C 0.6181589391 4.4671067425 6.0561842553 
P 5.4830697780 2.0406059903 5.1100927448 
C 6.5684425821 0.5580889601 5.3606901596 
C 6.7355108213 3.4111443977 5.0224906516 
C 5.1600183841 1.8971191789 3.2784475655 
O 3.9215433348 0.1480130226 7.0931890974 
H 4.4226634392 3.7703927516 7.0156272860 
H 7.3162252757 3.0738639452 9.6437708823 
H 6.8334336211 4.0327025512 8.2249011956 
H 7.4088746792 2.3634340376 8.0193624052 
H 6.0660178611 1.0448461708 10.6050179634 
H 5.7935284104 0.0952569045 9.1156387810 
H 4.4333344850 0.4822742500 10.1756995146 
H 5.1842468298 3.5272726034 11.0280213184 
H 4.4497942220 4.5779843002 9.7884551093 
H 3.5000231025 3.2619671670 10.4966410909 




H 3.4238455400 -0.5426354284 4.0022650560 
H 2.6907816844 -1.2823987727 5.4259352301 
H -0.3094331049 0.0270615256 5.2075564400 
H -0.2245849520 1.4941317619 6.2255910292 
H 0.4859517041 -0.0177332749 6.7999731587 
H 0.8759790070 2.7186911579 3.6639885841 
H 0.7169150569 1.0729358427 3.0249603205 
H 2.2629941136 1.9361619303 2.8906740037 
H 2.2132794554 6.7232215232 6.8704716172 
H 3.8482151198 6.0854238181 7.2033195317 
H 2.4816976879 5.5829873664 8.2170549966 
H 2.3417061927 6.1095983174 4.2935165389 
H 2.6336699005 4.4831327040 3.6312294602 
H 3.9583761521 5.3728710050 4.4006918736 
H 0.2412014048 4.2081425166 7.0495424393 
H 0.1975179681 3.7605961537 5.3385876346 
H 0.2738352607 5.4730325230 5.7939527957 
H 5.9399244839 -0.3332141238 5.4273992543 
H 7.1015098678 0.6493833628 6.3111939714 
H 7.2990600545 0.4500982311 4.5516903604 
H 7.5346767266 3.1687440807 4.3132264498 
H 7.1746975917 3.5940230210 6.0036082021 
H 6.2431530795 4.3321011761 4.6963017763 
H 4.5714094020 1.0047549359 3.0550867089 
H 6.1026760064 1.8353796856 2.7232714925 




O 1.3403266283 2.6246421195 9.0256235536 
C 3.2406638333 -0.6635327889 7.8537104332 
O 3.1977326983 -1.8844202751 7.7217447776 
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There is a long history of investigation into the nature of metal-metal bonds.1,2  Such 
bonds are of fundamental interest due to the greater complexity of the valence orbitals 
relative to main group elements, and the high variability in character of the resulting 
bonds.3  Additionally, metal-metal bonds play a role in a wide variety of applications.  
For example, bimetallic complexes of first row transition metals have been shown to 
activate small molecules such as dinitrogen.4 Extended metal atom chains (EMACs) 
have favorable charge transport properties that give them potential in molecular 
electronics.5  Dirhodium complexes have been utilized for catalysis leading to complex 
chiral organic structures via metal-carbenoid intermediates.6  Finally, a nickel-iron 
bond is thought to play a role in the activity of hydrogenase enzymes.7 
 
In view of the importance of metal-metal bonds for so many different reactions, their 
nature has been further explored via theoretical calculations.  Metal carbonyl dimers, 
e.g. Fe2(CO)9, have been of particular interest, partly because they have been known for 
a long time and partly because the bridging nature of the carbonyl ligands makes it 
difficult to determine whether there is actually a metal-metal bond.1  In fact, despite a 
long history of representing Fe2(CO)9 with a line between the two iron centers, 
theoretical studies have shown there is no direct metal-metal bonding interaction;8 
rather, the compound is held together by 3-center 2-electron bonds via the bridging 
carbonyl ligands (Figure 1).9  Representations using the Covalent Bond Classification 
(CBC) method to depict such delocalized electron density can better display the true 




Figure 1.  Structure-bonding representation of Fe2(CO)9 with all three resonance 
structures.  Note that each Fe achieves an 18-electron configuration without the 
presence of a metal-metal bond. 
 
Though some theoretical investigations have been done on bimetallic compounds with 
bridging carbonyl ligands, Natural Bond Orbital (NBO) analysis has not yet been 
performed on many of these compounds.  NBO analysis employs the “natural 
orbitals” described by Löwdin, which use first-order density matrices to represent the 
wavefunctions.11  The NBOs themselves are derived from pairs of valence hybrid 
orbitals.12  The resulting orbitals are classified as either core electrons, bonding pairs, 
nonbonding lone pairs or antibonding orbitals.  Natural Localized Molecular Orbitals 
(NLMOs) are produced through further diagonalization of the density matrix, which 
takes into account mixing between bonding and antibonding orbitals.13  This mixing 
often results in orbitals that are more delocalized than NBOs.  Thus, NLMOs tend to 
give an improved picture for delocalized structures containing, for example, 3-center 2-
electron bonds.  Here, the nature of the bonding in [CpMo(CO)3]2, [CpFe(CO)2]2 and 
other cyclopentadienyl metal dimers was explored further using both NBOs and 
NLMOs. 
 
4.2 Analysis of [CpMo(PMe3)3-x(CO)x]2 
[CpMo(CO)3]2 was first reported in 1956 and can be synthesized via the dimerization of 
CpMo(CO)3H with concomitant loss of H2 (see Chapter 1),14 or directly from Mo(CO)6 
288 
and cyclopentadiene.15  [CpMo(CO)3]2 has been widely studied due to its rich 
photochemistry.  Under low energy conditions (visible light), the predominant 
reaction is homolytic cleavage of [CpMo(CO)3]2 to form the radical monomer, 
[CpMo(CO)3]•; in contrast, the carbonyl ligand is lost under high energy conditions 
(ultraviolet light) to produce Cp2Mo2(CO)5 (Scheme 1).16,17  The first pathway is useful 
for substitution reactions that cleave the Mo-Mo bond, such as halogenation to form 
CpMo(CO)3Cl,18 reaction with InR3 to produce CpMo(CO)3InR2,19 and 
disproportionation to [CpMo(PR’3)2(CO)2][CpMo(CO)3] salts in the presence of 
phosphine.20  Under conditions that favor loss of CO, the Mo-Mo bond remains intact 





Scheme 1.  Photolysis of [CpMo(CO)3]2. 
 
[CpMo(CO)3]2 has previously been structurally characterized, revealing both an anti 
isomer in which the Cp rings are trans to each other21 and a gauche isomer in which the 
Cp rings are closer together.22  Geometry optimized structures of these isomers are 
depicted in Figure 2.  These isomers can be distinguished by their Cp-Mo-Mo-Cp 
torsion angles,23 which are 180.00˚ for the anti isomer and 69.88˚ for the gauche.  
Though the carbonyl ligands are not obviously bridging in either isomer, they both 
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feature M-C-O angles of less than 180˚ and bridge asymmetry parameters, , near 0.6, 
such that they could be classified as semibridging (Table 1).  The bridge asymmetry 
parameter is defined in more detail in Figure 3.24  Also of note, the Mo-Mo distances 
(3.235 Å for anti; 3.224 Å for gauche) are longer than the sum of the covalent radii for 
two Mo atoms using either the Alvarez (3.08 Å)25 or Pyykkö (2.76 Å)26 values.  Back in 
1983, Cotton discussed the difficulty in elucidating the character of such a bond: 
 
“Whenever a putative M-M bond has bridging groups associated with 
it…there is necessarily some uncertainty as to the order of that bond, and 
perhaps, in some cases, there can even be some doubt whether a direct M-
M bond exists.  Thus the observation of unbridged, albeit long and weak, 
M-M bonds in the M2(CO)10 molecules (M = Mn, Re) and [CpMo(CO)3]2 is 
of considerable significance.  In these cases the existence of M-M single 
bonds seemed assured although subsequently, in view of their great 
lengths…there have been suggestions that the two halves of the molecule 
are held together by an accumulation of loose attractive forces between 
CO groups and perhaps between CO groups and metal atoms.”1 
 
 
Figure 2.  Geometry optimized structures of anti- (left) and gauche- (right) 




Figure 3.  Definition of the bridge asymmetry parameter, .24 
 
Table 1.  Structural parameters for isomers of [CpMo(CO)3]2.24 
Compound Mo-Mo/Å Mo-C-O/˚ D1/Å D2/Å  Ref 
anti-[CpMo(CO)3]2 a 3.235 173.33 1.983 3.195 0.61 21 
  173.44 1.984 3.211 0.62  
gauche-[CpMo(CO)3]2 a 3.224 171.71 1.955 3.247 0.66 22 
  173.18 1.970 3.178 0.61  
(a)  The other two semibridging carbonyl ligands are symmetry related. 
 
To address this issue, Zhang and coworkers investigated the metal-metal bond in anti-
[CpMo(CO)3]2 by a variety of theoretical techniques in 2014.27  On the basis of atoms in 
molecules (AIM), electron localization function (ELF), molecular formation density 
difference (MFDD), and NBO analyses, they concluded that the Mo-Mo bond is not a 
typical covalent single bond, but rather a metallic bond with partial covalent character.  
Though they reported that there was no NBO displaying a Mo-Mo bond, the version of 
NBO was not specified and NLMOs were not discussed at all.  Thus, we sought to 
investigate the NBOs with the most current version of the program and see if the 
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NLMOs revealed anything further about the nature of the Mo-Mo interaction.  
Additionally, the gauche isomer was explored using NBO analysis for the first time. 
 
4.2.1 Natural Bond Orbitals of [CpMo(CO)3]2 
Using the coordinates from the reported crystal structures as a starting point,21,22 the 
geometries of both anti- and gauche-[CpMo(CO)3]2 were optimized with the B3LYP 
density functional using the 6-31G**++ (H, C, O) and LACVP (Mo) basis sets (Figure 2).  
NBO analysis on the resulting structures was consistent with the previously reported 
lack of Mo-Mo bonding orbital for anti-[CpMo(CO)3]2.27  In contrast, however, the 
NLMO results reveal an orbital with metal-metal bonding character.  The relevant 
NLMO, along with its corresponding NBO, is displayed in Figure 4. 
 
  
Figure 4.  Selected NBO (left) and NLMO (right) for anti-[CpMo(CO)3]2.  
 
The NLMO displaying a metal-metal bond for anti-[CpMo(CO)3]2 contains significant 
contributions from each Mo atom (24% and 41%, respectivly).  However, the carbon 
atoms in the semibridging carbonyls each contribute 4–6% to the bonding, supporting 
their designation as semibridging.  As discussed above and seen in Figure 4, the 
corresponding NBO is simply a lone pair on one Mo atom.  The additional mixing with 
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antibonding orbitals in the NLMO seems to play a role in the delocalized bonding for 
this molecule.28 
 
There is also an NLMO for gauche-[CpMo(CO)3]2 that displays a metal-metal bond 
(Figure 5).  However, this orbital is much more asymmetric in comparison to that for 
anti-[CpMo(CO)3]2.  In the gauche isomer, 55% of the orbital comes from one Mo atom, 
and only 9% is derived from the other.  Additionally, the semibridging carbonyls only 
contribute 1–4% each, suggesting that they are less bridging than in the anti isomer.  In 
this case, the NLMO more closely resembles the NBO, appearing predominantly as a 
lone pair on one Mo atom with a slight contribution from the other Mo atom. 
 
 
Figure 5.  Selected NBO (left) and NLMO (right) for gauche-[CpMo(CO)3]2.  
 
Due to (i) long Mo-Mo bond distances,21,22 (ii) calculations suggesting minimal covalent 
character in the Mo-Mo bond27 and (iii) only NLMOs (and not NBOs) displaying Mo-
Mo covalent bond character, it is clear that the Mo-Mo covalent interaction is minor.  
However, the semibridging carbonyl interactions are also minor based on their high  
values ( > 0.6) and their minimal contribution ( < 6%) to Mo-Mo interactions.  
Therefore, in this case, it seems reasonable to represent [CpMo(CO)3]2 with a metal-
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metal bond rather than 3-center 2-electron bonds with bridging carbonyls (Figure 6), 
especially in the case of the anti isomer.  There is evidence that, in solution, the 
carbonyl ligands are fluxional, and bridging intermediates facilitate their exchange.29  
Additionally, there is evidence of rotation about the Mo-Mo bond in solution, allowing 
for the interconversion between the gauche and anti isomers.30  Thus, the overall 
bonding in solution is more complex than in the solid state. 
 
 
Figure 6.  Structure bonding representation of [CpMo(CO)3]2. 
 
 
4.2.2 Structure of [CpMo(PMe3)(CO)2]2 
Despite the observation that photolysis of [CpMo(CO)3]2 in the presence of PR’3 results 
in compounds of the type [CpMo(PR’3)(CO)2]2,20 the trimethylphosphine derivative, 
[CpMo(PMe3)(CO)2]2,31 has not yet been structurally characterized.  We were able to 
obtain crystals suitable for X-ray diffraction via vapor diffusion of pentane into a 
benzene solution of CpMo(PMe3)(CO)2H (Figure 7).32  The Cp rings adopt an anti 
configuration, as do the PMe3 groups.  Structural parameters for this and related 
[CpRMo(PR’3)(CO)2]2 compounds are given in Table 2.33-43  Similar to [CpMo(CO)3]2, 
the Mo-Mo bonds are long, ranging from 3.120 – 3.327 Å.  Also, most of these 
compounds feature semibridging carbonyl ligands, with bridging parameters between 
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0.52 for Cp2Mo2(-ButHPCH2PHBut)(CO)438 and 0.84 for (-C5H4-
C5H4)Mo2(PMe3)2(CO)4.24,41  Interestingly, the compounds with extreme values of  are 
constrained in some way; Cp2Mo2(-ButHPCH2PHBut)(CO)4, in which the carbonyl 
ligands have the most bridging character, features a 2-bridging phosphine ligand, 
while (-C5H4-C5H4)Mo2(PMe3)2(CO)4, in which the carbonyl ligands have the least 
bridging character, employs linked Cp rings that force it to adopt a gauche 
configuration.  [CpMo(PMe3)(CO)2]2, the simplest compound of the type 


















[CpMo(PMe3)(CO)2]2 3.208 172.46 1.952 3.085 0.58 this  
  172.73 1.951 3.109 0.59 work 
  174.48 1.965 3.196 0.63  
  175.50 1.965 3.213 0.64  
[CpMo{P(OMe)3}(CO)2]2 a 3.239 174.64 1.966 3.161 0.61 33 
  174.88 1.965 3.190 0.62  
[CpMo(PPh2H)(CO)2]2 a 3.207 168.90 1.946 3.036 0.56 34 
  173.70 1.940 3.254 0.68  
[CpMo{PPh2(C8H15)}(CO)2]2 a 3.238 173.99 1.959 3.150 0.61 35 
  174.21 1.954 3.204 0.64  
[CpMo{PPh2(C10H19)}(CO)2]2 a 3.255 172.33 1.965 3.206 0.63 36 
  173.98 1.960 3.171 0.62  
Cp2Mo2(-dppm)(CO)4 b 3.327 169.43 1.964 3.034 0.54 37 
  171.27 1.946 3.166 0.63  
Cp2Mo2(-ButHPCH2- 
PHBut)(CO)4 a,b 
3.211 167.47 1.940 2.948 0.52 38 
[CpCO2HMo{P(OMe)3}(CO)2]2 a 3.230 171.10 1.931 3.162 0.64 39 
  173.20 1.963 3.155 0.61  
[CpMo(PPh2Py)(CO)2]2 a 3.276 170.00 1.965 3.144 0.60 40 
  177.20 1.962 3.309 0.69  
(-C5H4-C5H4)Mo2(PMe3)2(CO)4 3.220 172.08 1.944 3.574 0.84 41,42 
  172.15 1.943 3.518 0.81  
  174.71 1.962 3.341 0.70  




3.120 170.27 1.937 3.090 0.60 43 
  171.25 1.934 3.103 0.60  
  177.00 1.960 3.355 0.71  
  177.59 1.962 3.391 0.73  
(a)  The other semibridging carbonyl ligand(s) is/are symmetry related. 
(b)  Some carbonyl ligands are pointing away from the second metal center. 
 
 
4.2.3 Natural Bond Orbitals of [CpMo(PMe3)(CO)2]2 
In order to investigate the bridging nature of the carbonyl ligands and compare the Mo-
Mo bonding to that in [CpMo(CO)3]2, NBO analysis was performed on geometry 
optimized [CpMo(PMe3)(CO)2]2.44  As with the [CpMo(CO)3]2 counterpart, there were 
no NBOs representing a Mo-Mo bond or a bridging carbonyl.  However, for one of the 
Mo lone pair orbitals, there is a corresponding NLMO that displays contributions from 
both Mo atoms and all four semibridging carbonyl carbons (Figure 8).  This Mo-Mo 
bonding NLMO is more asymmetric than the anti-[CpMo(CO)3]2 Mo-Mo bonding 
NLMO, with Mo atom contributions of 50% and 11%.  The contributions from the 





Figure 8.  Selected NBO (left) and NLMO (right) for [CpMo(PMe3)(CO)2]2.  
 
The asymmetry of the [CpMo(PMe3)(CO)2]2 Mo-Mo NLMO is somewhat surprising; 
given the decreased -acidity of PMe3 relative to CO, it would be expected that there is 
more electron density available for a true covalent Mo-Mo interaction.  Despite this 
asymmetry, however, the Mo-Mo distance in [CpMo(PMe3)(CO)2]2 (3.208 Å) is slightly 
shorter than the Mo-Mo distances in either anti- (3.235 Å) or gauche-[CpMo(CO)3]2 (3.224 
Å).  It is possible that the NLMOs still do not give a complete picture of the bonding, 
or that interactions other than normal covalent ones are responsible for the shorter Mo-
Mo bond.  Regardless, it is apparent that the Mo-Mo bonding character is more 
significant than the carbonyl bridging character, and it is therefore appropriate to 




Figure 9.  Structure bonding representation of [CpMo(PMe3)(CO)2]2. 
 
4.2.4 Structure of [Cp*Mo(PMe3)2(CO)2][Cp*Mo(CO)3] 
As discussed above, [CpMo(CO)3]2 can react with PR’3 to form compounds of the type 
[CpMo(PR’3)2(CO)2][CpMo(CO)3] under ambient conditions.  For example, 
[CpMo(PMe3)2(CO)2][CpMo(CO)3] can be synthesized simply by stirring a solution of 
[CpMo(CO)3]2 and PMe3.20c  Another example, [CpMo(dppen)(CO)2][CpMo(CO)3], is 
produced by using a chelating phosphine.45  The reaction can also occur when the two 
Cp rings are linked, forming a zwitterionic species such as [Mo(PMe3)2(CO)2](-C5H4-
C5H4)[Mo(CO)3].42,46 
 
Thus, it is of interest that we have structurally characterized the first example of 
[CpRMo(PR’3)2(CO)2][CpRMo(CO)3] that features a Cp* ligand, namely 
[Cp*Mo(PMe3)2(CO)][Cp*Mo(CO)3] (Figure 10).  The Cp and Cp* analogues are 
structurally related, with very similar cis-L-Mo-L (L = CO, PMe3) angles in both the 




Figure 10.  Molecular structure for [Cp*Mo(PMe3)2(CO)][Cp*Mo(CO)3] (hydrogen 
atoms omitted for clarity). 
 










[CpMo(PMe3)2(CO)2]+ 75.98 75.98 76.12 76.12 20c 
[Cp*Mo(PMe3)2(CO)2]+ 74.60 74.50 74.91 75.11 this work 
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[CpMo(CO)3]- 82.54 89.14 89.14 20c 
[Cp*Mo(CO)3]- 86.37 89.20 90.69 this work 
 
While the other [CpRMo(PR’3)2(CO)2][CpRMo(CO)3] compounds reported in the 
literature were synthesized via the addition of phosphines to tricarbonyl dimers, 
[CpRMo(CO)3]2,20 [Cp*Mo(PMe3)2(CO)][Cp*Mo(CO)3] was obtained in an attempt to 
crystallize Cp*Mo(PMe3)(CO)2H.  This is not entirely unprecedented due to our earlier 
observation that the Cp analogue, [CpMo(PMe3)2(CO)2][CpMo(CO)3], is a byproduct 
when a solution of CpMo(CO)3H and PMe3 is irradiated with UV light ( = 350 nm) (see 
Chapter 1).  In fact, such cyclopentadienyl Mo hydrides are known to dimerize with 
concomitant loss of H2.14,47  Once a compound of the type [Cp*Mo(PMe3)(CO)2]2 is 
formed, the mechanism can then follow a similar pathway to that for the radical-based 
disproportionation of [CpMo(CO)3]2 in the presence of phosphines.48  Such a 
mechanism involves (i) homolysis of the Mo-Mo bond,49 (ii) association of PMe3 to form 
a 19-electron intermediate, (iii) electron transfer to another molecule of 
[Cp*Mo(PMe3)(CO)2]2 and (iv) subsequent disproportionation to [Cp*Mo(CO)3]- and 
[Cp*Mo(PMe3)2(CO)]•.  [Cp*Mo(PMe3)2(CO)]• can then go on to abstract a hydrogen 
atom from any remaining Cp*Mo(PMe3)(CO)2H, thereby beginning the cycle again. 
 
4.3 Analysis of [CpRMo(-O)(-O2CH)]2 
Other cyclopentadienyl Mo compounds discussed in Chapter 1 include the -oxo--
formate dimers, [CpRMo(-O)(-O2CH)]2 (CpR = C5H5, C5Me5).  Crystals of these 
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compounds suitable for X-ray diffraction were obtained during the reaction between 
formic acid and the corresponding tricarbonyl hydrides, CpRMo(CO)3H (see Chapter 1).  
These structures were geometry optimized and are illustrated in Figure 11.  While 
dinuclear Mo compounds with bridging formate ligands are well known,50 there are no 
examples listed in the Cambridge Structural Database (CSD)51 that also feature 
cyclopentadienyl ligands.  However, there are several examples of dinuclear 
cyclopentadienyl Mo compounds that incorporate other carboxylate ligands, listed in 
Table 5.52-55 
 
Figure 11.  Geometry optimized structures of [CpMo(-O)(-O2CH)]2 (left) and 
[Cp*Mo(-O)(-O2CH)]2 (right) (Cp and Cp* hydrogen atoms omitted for clarity).  




Table 5.  Mo-Mo distances in dinuclear {[CpRMo]2(-O2CR)} compounds. 
Compound d(Mo-Mo)/Å Ref 
[CpMo(-O)(-O2CH)]2 2.559(1) Chapter 1 
[Cp*Mo(-O)(-O2CH)]2 2.554(2) Chapter 1 
[Cp*Mo(-O)(-O2CMe)]2 2.5523(3) 52 
[Cp*Mo(-O2CMe)]2(-PMe2)(-Me) 2.846(3) 53 
[Cp*Mo]2(-SMe)3(-O2CCF3) 2.7087(4) 54 
{[Cp*Mo]2(-PCy2)(-CPh)(-O2CPh)}+ 2.576(1) 55 
 
The Mo-Mo separations in these compounds range from 2.5523(3) to 2.846(3), values 
that are much shorter than the distances for [CpMo(CO)3]2 (3.235 Å for anti; 3.224 Å for 
gauche).  They are all less than the sum of the covalent radii for two Mo atoms using 
the Alvarez (3.08 Å)25 values, and all but one are less than that for Pyykkö (2.76 Å)26 
values.  However, the presence of the bridging carboxylate ligands makes it difficult to 
determine whether these distances are short due to Mo-Mo bonding interactions or due 
the geometry imposed by the bridging ligands.  Therefore, we examined the bonding 
in [CpMo(-O)(-O2CH)]2 and [Cp*Mo(-O)(-O2CH)]2 using NBO analysis. 
 
NBOs involving significant Mo-Mo character for [CpMo(-O)(-O2CH)]2 are displayed 
in Figure 12.  There are two such orbitals, one of which is a  bonding orbital, and the 
other of which is a * antibonding orbital.56  This suggests that, overall, there is no 
formal Mo-Mo bond.  NLMOs support this assignment, with the Mo atoms 
contributing 50% each to the  bonding orbital and 47% each to the * antibonding 




Figure 12.  Mo-Mo based NBOs for [CpMo(-O)(-O2CH)]2. 
  
Figure 13.  Mo-Mo based NLMOs for [CpMo(-O)(-O2CH)]2. 
A lack of a formal Mo-Mo bond in [CpMo(-O)(-O2CH)]2 would leave each Mo with a 
16-electron configuration, assuming that each -O is considered to be an X2 donor and 
each -O2CH is considered to be an LX donor.  However, examination of the NBOs 
and NLMOs suggests that the situation may be more complex.  While the NBOs reveal 
one Mo-O bond and several lone pairs for each -O ligand (Figure 14), the NLMOs 
display 3-center 2-electron bonds.  In the case of the NLMOs, each of the -O based 
orbitals depicted in Figure 15 has a 10-11% contribution from each Mo atom.  
Examination of the NBOs and NLMOs for [Cp*Mo(-O)(-O2CH)]2 reveals the same  





O Lone Pair 1    O Lone Pair 2  
 
 
O Lone Pair 3    O Lone Pair 4  
 
 
Mo-O Bond 1   Mo-O Bond 2 
Figure 14.  Select -O based NBOs for [CpMo(-O)(-O2CH)]2.  
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-O Orbital 1     -O Orbital 2 
 
  
-O Orbital 3     -O Orbital 4 
 
 
Mo-O Bond 1   Mo-O Bond 2 
Figure 15.  Select -O based NBOs for [CpMo(-O)(-O2CH)]2.  
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If the -O moieties in [CpRMo(-O)(-O2CH)]2 (CpR = C5H5; C5Me5) are in fact involved 
in a 3-center 2-electron bond, this could allow each Mo atom to attain an 18-electron 
configuration without a Mo-Mo bond.  Accordingly, one possible structure bonding 





Figure 16.  Possible structure bonding representation for [CpRMo(-O)(-O2CH)]2 (R = 
H, Me).  Note that there are two equivalent resonance structures. 
 
4.4 Analysis of [CpRMoO2]2O 
Another series of Mo oxo compounds of interest is [CpRMoO2]2O;58-60 such high valent 
Mo compounds have rich electrochemistry.61  Additionally, Mo oxo compounds can be 
used as catalysts for water splitting62 and the oxidation of both alkenes63 and alkanes.64  
However, while several compounds in this series have been structurally characterized, 
the Cp analogue, [CpMoO2]2O, has not.  Here, we report the structure of [CpMoO2]2O 




4.4.1 Structure of [CpMoO2]2O 
[CpMoO2]2O was synthesized by adding PhIO to a solution of [CpMoO2]259 and was 
structurally characterized by X-ray diffraction (Figure 17).  In contrast to the other 
structurally characterized [CpRMoO2]2O compounds listed in the Cambridge Structural 
Database (CSD),51 the Mo-O-Mo bond angle for the Cp analogue deviates significantly 
from linearity; while the other Mo-O-Mo bond angles range from 162.61˚ to 180.00˚, that 
for [CpMoO2]2O is only 146.52˚.  There is also a difference in the Cp-Mo-Mo-Cp torsion 
angles,23 with || for [CpMoO2]2O (131.78˚) well outside the range for related 
compounds (167.59˚ – 180.00˚).  These and other structural parameters for all 
[CpRMoO2]2O compounds are given in Table 6.   
 
 
Figure 17.  Molecular structure of [CpMoO2]2O (hydrogen atoms omitted for clarity). 
 
Previous studies have shown that [CpRMoO2]2O and related compounds can adopt 
multiple configurations.  Specifically, several polymorphs of [Cp*MoO2]2O with 
different Mo-O-Mo angles (Table 6) have been reported, suggesting that the compound 
is somewhat flexible and that packing effects play a role in the specific angles adopted 
(though the bond lengths are always consistent).58  Additionally, calculations on 
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[CpRML2]2O showed that the energies for different configurations were quite similar 
and, therefore, that “the observed…angles are determined primarily by intramolecular 
steric interactions across the M-[O]-M bridge, not by electronic effects or in variations 
[in] -bonding”.65  We sought to investigate these electronic effects more fully and see 
what role they might play in the structure and bonding of these molecules.  
   
Table 6.  Structural parameters for various [CpRMoO2]2O compounds. 









[CpMoO2]2O 1.898 1.904 146.52 131.78 this work 
[Cp*MoO2]2O a 1.871 1.894 172.73 176.41 58d 
 1.873 1.873 180.00 180.00  
[CpPriMoO2]2O b  1.896 1.896 180.00 180.00 59 
 1.900 1.900 180.00 180.00  
[CpButMoO2]2O 1.895 1.898 162.61 167.59 59 
[CpPhNMe2MoO2]2O 1.884 1.884 180.00 180.00 60 
(a) Multiple polymorphs have been reported; those with the most extreme Mo-O-Mo 
bond angles are listed here. 
(b) There are two unique molecules in the asymmetric unit. 
 
 
4.4.2 Natural Bond Orbitals of [CpRMoO2]2O 
In view of the fact that the Mo-O-Mo bond angle for [CpMoO2]2O is only 146.52˚ 
whereas other compounds of the type [CpRMoO2]2O feature Mo-O-Mo bond angles 
close to 180.00˚, we sought to compare the electronic structures of these molecules using 
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NBO analysis.  [Cp*MoO2]2O was chosen to represent the linear [CpRMoO2]2O 
compounds for simplicity of calculation.  The geometry optimized structures for this 
and for [CpMoO2]2O are given in Figure 18.  [CpMoO2]2O displayed a bent geometry 
and [Cp*MoO2]2O displayed a linear geometry consistent with their respective crystal 
structures, with no need to constrain the Mo-O-Mo angles.66 
 
 
Figure 18.  Geometry optimized structures of [CpMoO2]2O (left) and [Cp*MoO2]2O 
(right) (hydrogen atoms omitted for clarity). 
 
NBO analysis was performed on both geometry optimized structures.  Selected NBOs 
for [CpMoO2]2O are given in Figure 19, and NLMOs are shown in Figure 20.  For the 
NBOs, there are two nonbonding orbitals on the bridging oxygen and two Mo--O 
bonding orbitals.  The NLMOs, however, show more delocalization.  For example, 
each lone pair on oxygen displays a 4% contribution from each Mo atom. Also, the Mo-
-O orbitals each feature a 2% contribution from the second Mo center. 
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O Lone Pair 1    O Lone Pair 2  
 
  
Mo-O Bond 1    Mo-O Bond 2 




O Lone Pair 1    O Lone Pair 2  
 
 
Mo-O Bond 1    Mo-O Bond 2 
Figure 20.  Select NLMOs for [CpMoO2]2O. 
 
 
The orbitals for linear [Cp*MoO2]2O are different to those for bent [CpMoO2]2O.  The 
NBOs (Figure 21) and NLMOs (Figure 22) for [Cp*MoO2]2O reveal only one Mo--O 
orbital. There is, however, delocalization on the -O based NLMOs, with contributions 
from both Mo atoms ranging from 4 – 5%.  Since there is only one orbital for the Mo-O-
Mo interaction, it is slightly more symmetrical than those for [CpMoO2]2O, with Mo 
atom contributions of 11% and 6%, respectively.   
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-O Orbital 1     -O Orbital 2 
 
  
-O Orbital 3            Mo-O-Mo Bond 




-O Orbital 1     -O Orbital 2 
 
 
-O Orbital 3           Mo-O-Mo Bond 
Figure 22.  Select NLMOs for [Cp*MoO2]2O. 
 
The reason for these differences between the orbitals for bent [CpMoO2]2O and linear 
[Cp*MoO2]2O is likely derived from the difference in bond angle.  Since both Mo atoms 
lie along the same axis in linear [Cp*MoO2]2O, there can only be a  interaction with the 
pz orbital on the bridging oxygen.  For bent [CpMoO2]2O, however, the two Mo atoms 
are positioned to interact with the pz and px orbitals, respectively.  This allows for two 
different Mo--O  bonds.  Somewhat surprisingly, there is no NBO or NLMO that 
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displays -bonding along the Mo-O-Mo axis.  Such -bonding has previously been 
invoked to justify the linear configurations of [CpRMoO2]2O,58a,c and Hückel calculations 
displayed a  bond in the related compound, {[RuCl5]2O}4-.65   
 
Despite the fact that the bent compound has more Mo-O-Mo bonding orbitals, the 
similar Mo--O bond length for all compounds regardless of Mo-O-Mo angle (Table 6) 
suggests that the bond is not necessarily higher order when the compound is bent.  
Thus, packing effects rather than bonding effects could be the driving force behind the 
differences in angle.  This is supported by the fact that the Cp ligand is less sterically 
demanding than Cp*, and therefore has more flexibility to bend before it encounters 
steric hindrance relative to its substituted counterparts.66  Since the bent configuration 
for [CpMoO2]2O features two primarily 2-center 2-electron Mo--O bonds, it seems 
particularly appropriate to represent [CpMoO2]2O with two classical Mo--O bonds, 
resulting in each Mo center being hexavalent.  Additionally, the NBO analysis suggests 
that one terminal oxo ligand on each Mo atom is doubly bonded while the other is 




Figure 23.  Structure bonding representation of [CpMoO2]2O. 
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4.5 Natural Bond Orbitals of [CpFe(CO)2]2 
NBO analysis of the above cyclopentadienyl Mo compounds reveals orbitals with 
delocalized electron density.  However, in the case of both [CpMo(PMe3)3-x(CO)x]2 (x = 
2, 3) and [CpMoO2]2O, the orbitals are still primarily classical 2-center, 2-electron Mo-
Mo and Mo--O bonds, respectively.  In contrast, [CpRMo(-O)(-O2CH)]2 (CpR = 
C5H5; C5Me5) involve 3-center, 2-electron bonds.  To investigate the bonding in a 
cyclopentadienyl compounds containing another metal, NBO analysis was performed 
on [CpFe(CO)2]2. 
 
[CpFe(CO)2]2 was first reported in 195614a and has since been extensively studied.  Both 
cis67 and trans68,69 isomers of the type [CpFe(CO)(-CO)]2 have been structurally 
characterized, and an additional isomer with no bridging carbonyls has been proposed 
based on spectroscopic70 and computational evidence.71  All three isomers are 
depicted in Figure 24, with the Fe-Fe bonds that are commonly invoked to give each Fe 




Figure 24.  Cis (left), trans (middle), and unbridged (right) isomers of [CpFe(CO)2]2.  
Note that, when the bridging carbonyl ligands are drawn with 2-center 2-electron bonds 
to the Fe atoms, an Fe-Fe bond is required to achieve an 18-electron configuration. 
 
316 
However, despite the short Fe-Fe distances reported (2.49 – 2.54 Å), a variety of studies 
have suggested that there is not, in fact, a bond between the Fe centers in the isomers 
with bridging carbonyls.  Both experimental69 and theoretical72 analysis of the electron 
deformation density in trans-[CpFe(CO)(-CO)]2 displayed no appreciable density 
between the Fe atoms.  Similar results were obtained using photoelectron 
spectroscopy.73  Additionally, no Fe-Fe bonding orbital was observed in extended 
Hückel calculations74 or Fenske-Hall analysis.75  In all cases, it was proposed that the 
molecule was instead stabilized by delocalization of electron density across the bridging 
carbonyls.  Therefore, in 2012, Green and coworkers proposed that [CpFe(CO)(-CO)]2 
should be depicted with a 3-center 2-electron bond (Figure 25).9  Such a representation 
does not require an Fe-Fe bond to achieve an 18-electron configuration. 
 
 
Figure 25.  Structure bonding representation of trans-[CpFe(CO)(-CO)]2.  Note that, 
when one bridging carbonyl ligand is drawn with a 3-center 2-electron bond to the Fe 
atoms, an Fe-Fe bond is not required to achieve an 18-electron configuration. 
 
While [CpFe(CO)(-CO)]2 is of fundamental interest due to its delocalized bonding, it is 
also of chemical interest.  [CpFe(CO)(-CO)]2 can undergo reductive cleavage to 
[CpFe(CO)2]- which can enable, for example, cyclopropanation reactions via methylene 
transfer.76  Additionally, photolysis can result in either (i) formation of [CpFe(CO)2]• 
monomer77 or (ii) loss of CO (Scheme 2),78 analogous to the reactivity observed for 
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[CpMo(CO)3]2, which does feature a metal-metal bond (vide supra).  In 2014, Labinger 
argued that the “homolysis” of [CpFe(CO)2]2 to produce [CpFe(CO)2]• is one reason that 
we should continue to represent [CpFe(CO)(-CO)]2 with an Fe-Fe bond.79  Since the 
most recent investigations of the electronic structure of this compound were based on 
Hückel and Fenske-Hall calculations, we wanted to reexamine the molecular orbitals of 
both trans-[CpFe(CO)(-CO)]2 and the unbridged isomer using NBO analysis to see 




Scheme 2.  Photolysis of [CpFe(CO)2]2 
 
Consistent with previous experimental and computational results, there were no NBOs 
or NLMOs found for trans-[CpFe(CO)(-CO)]2 that displayed Fe-Fe bonding character.  
Instead, bonding NBOs feature interactions between Fe and the bridging carbonyl 
ligands (Figure 26).  The related NLMOs, however, appear more delocalized, such that 
they could be considered 3-center 2-electron bonds (Figure 27).  For example, one such 
orbital has a 43% contribution from the bridging carbonyl carbon, a 30% contribution 
from one Fe atom, and a 4% contribution from the other Fe atom.  Thus, the structure 





Fe-C Bond 1     Fe-C Bond 2   
  
Fe-C Bond 3     Fe-C Bond 4 




Fe-C Bond 1     Fe-C Bond 2 
  
Fe-C Bond 3     Fe-C Bond 4 
Figure 27.  Select NLMOs for trans-[CpFe(CO)(-CO)]2.  
 
In contrast, there is an NLMO with an Fe-Fe bond for the [CpFe(CO)2]2 isomer in which 
no carbonyl ligands are bridging despite a longer Fe-Fe separation of 2.679 Å compared 
to a separation of 2.554 Å for the bridging dimer, above.  The Fe-Fe bonding orbital is 
displayed in Figure 28 and features significant contributions from both Fe atoms: 25% 
and 36%, respectively.  As was the case for [CpMo(CO)3]2, the analogous NBO is a lone 
pair on Fe.  In the case of this isomer with nonbridging ligands, it is reasonable to 
depict [CpFe(CO)2]2 with an Fe-Fe bond as in Figure 24.  Additionally, the presence of 
an Fe-Fe bonding NLMO suggests that if Fe-Fe homolysis is responsible for the 
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formation of [CpFe(CO)2]•, it likely takes place via the unbridged isomer.  Since there is 
evidence that a solution of [CpFe(CO)2]2 will contain the cis, trans and unbridged 
isomers in equilibrium,70 such a mechanism would be plausible.  
 
 
Figure 28.  Selected NBO (left) and NLMO (right) for [CpFe(CO)2]2.  
 
4.6 Summary and Conclusions 
Bridging and semibridging atoms have long been known to complicate the assignment 
of metal-metal bonding character in bimetallic species.  Here, a variety of bimetallic 
cyclopentadienyl complexes were investigated via Natural Bond Order (NBO) analysis 
to further elucidate this issue.  While the orbitals are delocalized, both anti- and gauche- 
[CpMo(CO)3]2 were found to have classical 2-center 2-electron Mo-Mo bonds.  
Additionally, [CpMoO2]2O was structurally characterized for the first time and 
displayed the smallest Mo-O-Mo bond angle known for [CpRMoO2]2O; while there is no 
metal-metal bond in this compound due to the distance between the metal atoms, there 
are classical 2-center 2-electron bonding orbitals between the Mo-atoms and the 
bridging oxygen.  In contrast, 3-center 2-electron bonds involving the bridging oxo 
ligands in [CpRMo(-O)(-O2CH)]2 (CpR = C5H5; C5Me5) allow the Mo centers to obtain 
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18-electron configurations without a Mo-Mo bond.  Finally, investigation of isomers of 
[CpFe(CO)2]2 displayed that the bonding depends on the bridging character of the 
carbonyl ligands.  While there is an Fe-Fe bonding orbital for unbridged [CpFe(CO)2]2, 
there is none for [CpFe(CO)(-CO)]2.  Rather, the compound is held together by 3-
center 2-electron bonds centered on the bridging carbonyl ligands. 
 
4.7 Experimental Details 
4.7.1 General Considerations 
All manipulations were performed using a combination of glovebox, high vacuum and 
Schlenk techniques under a nitrogen or argon atmosphere.80 Solvents were purified 
and degassed by standard procedures.  CpMo(PMe3)(CO)2H,81 Cp*Mo(PMe3)(CO)2H82 
and [CpMoO2]2O59 have been reported and were prepared by the literature methods. 
 
4.7.2 X-ray Structure Determinations 
X-ray diffraction data were collected on a Bruker Apex II diffractometer.  Crystal data, 
data collection and refinement parameters are summarized in Table 7.  The structures 
were solved using direct methods and standard difference map techniques, and were 
refined by full-matrix least-squares procedures on F2 with SHELXTL (Versions 2008/4, 
2014/7 and 2013/4, respectively).83 
 
4.7.3 Computational Details 
Calculations were carried out using DFT as implemented in the Jaguar 8.9 (release 15) 
suite of ab initio quantum chemistry programs.84  Geometry optimizations were 
performed with the B3LYP density functional using the 6-31G**++ (H, C, O) and 
LACVP (Mo) basis sets, which were also used to execute Natural Bond Orbital 
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analysis.85  The energies of the optimized structures in the gas phase were also re-
evaluated by additional single point calculations on each optimized geometry using the 
cc-pVTZ(-f)++ correlation consistent triple- (H, C, O) and LAV3P (Mo) basis sets.  
Cartesian coordinates and energies of the geometry optimized structures are provided 
in Tables 9-17. 
 
4.7.4 Crystallization of [CpMo(PMe3)(CO)2]2  
CpMo(PMe3)(CO)2H (ca. 5 mg) was dissolved in THF (ca. 0.7 mL), and the solution was 
filtered.  Red crystals of [CpMo(PMe3)(CO)2]2 suitable for X-ray diffraction were 
obtained via vapor diffusion of pentane into this THF solution. 
 
4.7.5 Crystallization of [Cp*Mo(PMe3)2(CO)2][Cp*Mo(CO)3]  
Cp*Mo(PMe3)(CO)2H (ca. 5 mg) was dissolved in benzene (ca. 1 mL), and the solution 
was filtered.  Yellow-orange crystals of [Cp*Mo(PMe3)2(CO)2][Cp*Mo(CO)3] suitable 
for X-ray diffraction were obtained via vapor diffusion of pentane into this benzene 
solution. 
 
4.7.6 Crystallization of [CpMoO2]2O  
[CpMoO2]2O (ca. 5 mg) was dissolved in benzene (ca. 1 mL), and the solution was 
filtered.  Yellow crystals suitable for X-ray diffraction were obtained via vapor 
diffusion of pentane into this benzene solution. 
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4.8 Crystallographic Data 
Table 7.  Crystal, intensity collection, and refinement data. 
 [CpMo(PMe3)(CO)2]2 [Cp*Mo(PMe3)2(CO)2]-
[Cp*Mo(CO)3] 
lattice Orthorhombic Triclinic 
formula C20H28Mo2O4P2 C31H48Mo2O5P2 
formula weight 586.24 754.51 
space group Pca21 P-1 
a/Å 16.1820(17) 8.0873(4) 
b/Å 8.6035(9) 13.5405(7) 
c/Å 16.0588(17) 15.9785(8) 
/˚ 90 83.9080(10) 
/˚ 90 80.0240(10) 
/˚ 90 84.5550(10) 
V/Å3 2235.7(4) 1708.32(15) 
Z 4 2 
temperature (K) 130(2) 130(2) 
radiation (, Å) 0.71073 0.71073 
 (calcd.) g cm-3 1.742 1.467 
 (Mo K), mm-1 1.288 0.863 
 max, deg. 30.63 33.137 
no. of data collected 35755 30892 
no. of data 3545 12109 
no. of parameters 260 377 
R1 [I > 2(I)] 0.0425 0.0296 
wR2 [I > 2(I)] 0.1013 0.0631 
R1 [all data] 0.0483 0.0442 




Rint 0.0569 0.0300 
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formula weight 402.06 









temperature (K) 130(2) 
radiation (, Å) 0.71073 
 (calcd.) g cm-3 2.230 
 (Mo K), mm-1 2.099 
 max, deg. 26.371 
no. of data collected 14081 
no. of data 2453 
no. of parameters 154 
R1 [I > 2(I)] 0.0141 
wR2 [I > 2(I)] 0.0366 
R1 [all data] 0.0147 







4.9 Computational Data 
Table 9.  Cartesian Coordinates for Geometry Optimized anti-[CpMo(CO)3]2 
anti-[CpMo(CO)3]2 
ESCF = -1202.65476422418 Hartrees 
atom x y z 
C 1.1258486004 1.7395023653 0.5790261165 
C 1.3876044391 -2.3979838515 1.6816431097 
C 2.0083080839 -1.9871116247 0.4650981308 
C 2.9902744539 -0.9991755974 0.7703021605 
C 2.9850955044 -0.8007269815 2.1785311054 
C 1.9893764977 -1.6700446125 2.7449444535 
C 0.7843105612 1.1183877086 3.0419416892 
C -1.0831650270 -0.1797734135 1.8568069566 
H 0.6077817652 -3.1410762318 1.7736163282 
H 1.7836644484 -2.3707888283 -0.5195057717 
H 3.6312745098 -0.5029090156 0.0550158124 
H 3.6401308321 -0.1404247741 2.7303445477 
H 1.7645810838 -1.7780645574 3.7972242846 
Mo 0.8677759868 -0.0506255299 1.4319367472 
O 1.3781504665 2.7960906373 0.1637916086 
O 0.7556906155 1.7854935634 3.9899248775 
O -2.1814222309 -0.2954755122 2.2208719006 
Mo -0.8677759868 0.0506255299 -1.4319367472 
C -1.1258486004 -1.7395023653 -0.5790261165 
C -1.3876044391 2.3979838515 -1.6816431097 
C -2.0083080839 1.9871116247 -0.4650981308 
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C -2.9902744539 0.9991755974 -0.7703021605 
C -2.9850955044 0.8007269815 -2.1785311054 
C -1.9893764977 1.6700446125 -2.7449444535 
C -0.7843105612 -1.1183877086 -3.0419416892 
C 1.0831650270 0.1797734135 -1.8568069566 
O -1.3781504665 -2.7960906373 -0.1637916086 
H -0.6077817652 3.1410762318 -1.7736163282 
H -1.7836644484 2.3707888283 0.5195057717 
H -3.6312745098 0.5029090156 -0.0550158124 
H -3.6401308321 0.1404247741 -2.7303445477 
H -1.7645810838 1.7780645574 -3.7972242846 
O -0.7556906155 -1.7854935634 -3.9899248775 
O 2.1814222309 0.2954755122 -2.2208719006 
 
Table 10.  Cartesian Coordinates for Geometry Optimized gauche-[CpMo(CO)3]2 
gauche-[CpMo(CO)3]2 
ESCF = -1202.65048190027 Hartrees 
atom x y z 
Mo 1.6193953215 -0.4134805404 -0.0052274445 
C 3.0757240185 0.1436772501 -1.2389555946 
O 3.9552588342 0.4495129894 -1.9293072745 
C 0.9042241399 -1.1491784065 -1.7371167953 
O 0.5939806304 -1.6604739529 -2.7292521405 
C 1.3822754373 1.5692414812 0.0281657806 
O 1.4032401294 2.7298574584 0.1185441698 
C 1.6958524418 -2.5411644422 1.1440034618 
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C 3.0227545580 -2.1097764946 0.8588874756 
C 3.2710451565 -0.9148885799 1.6141981911 
C 2.0968123003 -0.6184210282 2.3619436793 
C 1.1280491422 -1.6231871731 2.0739408709 
H 1.2044711214 -3.4157187795 0.7406821747 
H 3.7317988362 -2.6137949092 0.2165508198 
H 4.1992849986 -0.3603115165 1.6411509978 
H 1.9769932245 0.2060422355 3.0519548332 
H 0.1373499627 -1.6915053835 2.4988466109 
Mo -1.6193953215 0.4134805404 -0.0052274445 
C -3.0757240185 -0.1436772501 -1.2389555946 
C -0.9042241399 1.1491784065 -1.7371167953 
C -1.3822754373 -1.5692414812 0.0281657806 
C -1.6958524418 2.5411644422 1.1440034618 
C -3.0227545580 2.1097764946 0.8588874756 
C -3.2710451565 0.9148885799 1.6141981911 
C -2.0968123003 0.6184210282 2.3619436793 
C -1.1280491422 1.6231871731 2.0739408709 
O -3.9552588342 -0.4495129894 -1.9293072745 
O -0.5939806304 1.6604739529 -2.7292521405 
O -1.4032401294 -2.7298574584 0.1185441698 
H -1.2044711214 3.4157187795 0.7406821747 
H -3.7317988362 2.6137949092 0.2165508198 
H -4.1992849986 0.3603115165 1.6411509978 
H -1.9769932245 -0.2060422355 3.0519548332 
H -0.1373499627 1.6915053835 2.4988466109 
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Table 11.  Cartesian Coordinates for Geometry Optimized [CpMo(PMe3)(CO)2]2 
[CpMo(PMe3)(CO)2]2 
ESCF = -1898.27401390312 Hartrees 
atom x y z 
Mo 5.5528880222 7.4429274157 6.4646009969 
O 7.9140054610 8.8193383473 8.0109993519 
O 6.8001751229 5.1120219385 4.7619544887 
P 6.6215270262 8.6547358463 4.5937337276 
C 7.0638624998 8.2356123004 7.4493463395 
C 6.3758058764 5.9474963818 5.4705264613 
C 3.8107996364 9.0663164918 6.5044650641 
H 4.0097521725 10.1151540190 6.3342584195 
C 3.4670129634 8.0889804476 5.5049641637 
H 3.3523363857 8.2724413746 4.4453815799 
C 3.2092129629 6.8566195826 6.1635479531 
H 2.9274255020 5.9234154926 5.6961214864 
C 3.4064727004 7.0628516474 7.5574601517 
H 3.2880968786 6.3150442435 8.3261235094 
C 3.7710778707 8.4247591005 7.7710713772 
H 3.9816503991 8.8787417280 8.7288825994 
C 6.4010476696 10.4938059788 4.5312737346 
H 6.9564481516 10.9253894538 3.6914286339 
H 6.7601169151 10.9346716717 5.4653525708 
H 5.3425261915 10.7420781059 4.4152496463 
C 6.1165795940 8.1718470218 2.8771773155 
H 6.6769987805 8.7403445028 2.1270385617 
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H 5.0484701557 8.3559970032 2.7343849172 
H 6.3024770882 7.1041348148 2.7329299921 
C 8.4597354702 8.5093428840 4.4678801455 
H 8.8360455430 9.0797821409 3.6119604546 
H 8.7326473792 7.4582655179 4.3414015667 
H 8.9234630978 8.8856657531 5.3829154751 
Mo 6.7207319745 5.1201455494 8.6185199143 
O 5.4850730300 7.4164255579 10.3687775916 
O 4.3582665355 3.7845663386 7.0305120827 
P 5.5993281616 3.8162317215 10.3919359891 
C 5.8996708868 6.5875388153 9.6466577858 
C 5.2132819340 4.3554588142 7.5982089669 
C 8.5152652567 3.5532978355 8.7001814241 
H 8.3566658460 2.5122643690 8.9456750776 
C 8.8171392192 4.6112587923 9.6289542605 
H 8.9256047369 4.5118564809 10.6998093108 
C 9.0323037993 5.8002823746 8.8820078621 
H 9.2758690041 6.7755155473 9.2794884397 
C 8.8601543164 5.4836321944 7.5038325430 
H 8.9588372894 6.1772539866 6.6833213343 
C 8.5491292648 4.0987927046 7.3889333309 
H 8.3630670115 3.5681986345 6.4657702779 
C 5.5714389682 1.9720083419 10.2077961900 
H 4.9993919961 1.5044519849 11.0166255370 
H 6.5907054778 1.5768819193 10.2248557268 
H 5.1172292146 1.7114924132 9.2478025084 
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C 6.2403564692 4.0000712906 12.1211557209 
H 5.6316735893 3.4266268191 12.8287679998 
H 6.2217794866 5.0565063635 12.4030941448 
H 7.2729714011 3.6454589938 12.1790990880 
C 3.8024895503 4.1722237721 10.6400744390 
H 3.3922087932 3.5540735699 11.4456543270 
H 3.2575514677 3.9615639328 9.7162197397 
H 3.6700122968 5.2266505979 10.8955848010 
 
Table 12.  Cartesian Coordinates for Geometry Optimized [CpMo(-O)(-O2CH)]2 
[CpMo(-O)(-O2CH)]2  
ESCF = -1051.42363028021 Hartrees 
atom x y z 
Mo 1.2908474902 0.0374123662 -0.0664698227 
O -1.0921836091 -1.4011829294 1.6518101156 
O 0.0347176055 -1.2082584839 -0.8485300061 
O 1.1715974876 -1.3448404675 1.6455193198 
C 3.6465451632 -0.0307635897 0.1961080065 
H 4.0414363742 -0.1431442012 1.1965987591 
C 3.2823562380 -1.0932723127 -0.6912520013 
H 3.3525501864 -2.1514708856 -0.4810362222 
C 2.7786642805 -0.5084127934 -1.8875279747 
H 2.3746181333 -1.0437647721 -2.7352546593 
C 2.8372191156 0.9073692731 -1.7463033952 
H 2.4718280127 1.6296052361 -2.4630976327 
C 3.3785010338 1.2029632992 -0.4685259906 
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H 3.5054398224 2.1908760281 -0.0468357617 
C 0.0514628010 -1.7917178228 2.0233664215 
H 0.0735853367 -2.5965630739 2.7724122747 
Mo -1.2908474902 -0.0374123662 -0.0664698227 
O 1.0921836091 1.4011829294 1.6518101156 
O -0.0347176055 1.2082584839 -0.8485300061 
O -1.1715974876 1.3448404675 1.6455193198 
C -3.6465451632 0.0307635897 0.1961080065 
H -4.0414363742 0.1431442012 1.1965987591 
C -3.2823562380 1.0932723127 -0.6912520013 
H -3.3525501864 2.1514708856 -0.4810362222 
C -2.7786642805 0.5084127934 -1.8875279747 
H -2.3746181333 1.0437647721 -2.7352546593 
C -2.8372191156 -0.9073692731 -1.7463033952 
H -2.4718280127 -1.6296052361 -2.4630976327 
C -3.3785010338 -1.2029632992 -0.4685259906 
H -3.5054398224 -2.1908760281 -0.0468357617 
C -0.0514628010 1.7917178228 2.0233664215 
H -0.0735853367 2.5965630739 2.7724122747 
 
Table 13.  Cartesian Coordinates for Geometry Optimized [Cp*Mo(-O)(-O2CH)]2 
[Cp*Mo(-O)(-O2CH)]2  
ESCF = -1444.73490546141Hartrees 
atom x y z 
Mo 0.0975183906 0.1220440621 1.2872725610 
O 0.0545418827 2.3395760544 1.1332851420 
332 
O 2.2508103455 0.6344297013 1.1327705091 
O 0.5559011273 -1.2585169248 0.0000000000 
O -1.3502682080 0.2445791189 0.0000000000 
C -0.0495029769 2.8895816702 0.0000000000 
H -0.2360339193 3.9753855019 0.0000000000 
C 2.8108643871 0.6693656025 0.0000000000 
H 3.9089148523 0.7569629049 0.0000000000 
C 0.7274590282 -0.5560284757 3.5750229241 
C -0.1794001727 0.5456729943 3.6482140066 
C -1.4298440814 0.1401269716 3.0602759304 
C -1.2802894759 -1.2209813421 2.6183283112 
C 0.0612279030 -1.6422578527 2.9269069575 
C 2.1410416498 -0.5439091004 4.0831217564 
H 2.1542105727 -0.5216088150 5.1802422811 
H 2.6892635695 0.3297569422 3.7185041781 
H 2.6910507638 -1.4304501889 3.7603972738 
C 0.0973571827 1.8782542626 4.2833292845 
H -0.3748995113 1.9405194861 5.2729280413 
H -0.2880332825 2.6978220077 3.6706430651 
H 1.1700170656 2.0427898050 4.4145760702 
C -2.6951876444 0.9481601125 3.0180836214 
H -3.3344369119 0.7235931262 3.8829498325 
H -3.2672533849 0.7360583252 2.1105809358 
H -2.4817872671 2.0204212122 3.0306610401 
C -2.3624741168 -2.0884012833 2.0452562759 
H -2.9500422378 -2.5558804290 2.8476768651 
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H -1.9444690772 -2.8869264948 1.4268625975 
H -3.0443899099 -1.5065441358 1.4205353855 
C 0.6107817214 -3.0081867847 2.6349371407 
H 0.0893730491 -3.7732607628 3.2239077706 
H 1.6755662280 -3.0746204116 2.8698852908 
H 0.4928219838 -3.2516634536 1.5734803759 
O 0.0545418827 2.3395760544 -1.1332851420 
O 2.2508103455 0.6344297013 -1.1327705091 
Mo 0.0975183906 0.1220440621 -1.2872725610 
C 0.7274590282 -0.5560284757 -3.5750229241 
C -0.1794001727 0.5456729943 -3.6482140066 
C -1.4298440814 0.1401269716 -3.0602759304 
C -1.2802894759 -1.2209813421 -2.6183283112 
C 0.0612279030 -1.6422578527 -2.9269069575 
C 2.1410416498 -0.5439091004 -4.0831217564 
H 2.1542105727 -0.5216088150 -5.1802422811 
H 2.6892635695 0.3297569422 -3.7185041781 
H 2.6910507638 -1.4304501889 -3.7603972738 
C 0.0973571827 1.8782542626 -4.2833292845 
H -0.3748995113 1.9405194861 -5.2729280413 
H -0.2880332825 2.6978220077 -3.6706430651 
H 1.1700170656 2.0427898050 -4.4145760702 
C -2.6951876444 0.9481601125 -3.0180836214 
H -3.3344369119 0.7235931262 -3.8829498325 
H -3.2672533849 0.7360583252 -2.1105809358 
H -2.4817872671 2.0204212122 -3.0306610401 
334 
C -2.3624741168 -2.0884012833 -2.0452562759 
H -2.9500422378 -2.5558804290 -2.8476768651 
H -1.9444690772 -2.8869264948 -1.4268625975 
H -3.0443899099 -1.5065441358 -1.4205353855 
C 0.6107817214 -3.0081867847 -2.6349371407 
H 0.0893730491 -3.7732607628 -3.2239077706 
H 1.6755662280 -3.0746204116 -2.8698852908 
H 0.4928219838 -3.2516634536 -1.5734803759 
 
Table 14.  Cartesian Coordinates for Geometry Optimized [CpMoO2]2O 
[CpMoO2]2O 
ESCF = -898.70310389449 Hartrees 
atom x y z 
Mo 5.5295896999 3.8043158437 3.2659256124 
Mo 2.9682304191 5.9871151131 1.7749830060 
O 4.3704738441 2.6312688987 3.7777249441 
O 6.3555070106 4.3024288917 4.6874415239 
O 3.2658448690 7.6718558167 1.6209210912 
O 3.1834101967 5.3217619648 0.1962599164 
O 4.4688545183 5.3246132445 2.7707748767 
C 7.0856119942 2.2950125532 2.2607979759 
H 7.3841773566 1.4547979911 2.8745339199 
C 6.0158779829 2.3050990736 1.3061158276 
H 5.3152616880 1.4982183602 1.1404714436 
C 5.9726597625 3.5822829691 0.7194831161 
H 5.2266376965 3.9428048809 0.0224661845 
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C 7.0460964612 4.3638201874 1.2681081364 
H 7.2463894930 5.4026076449 1.0415928068 
C 7.7509963511 3.5649457865 2.1876669391 
H 8.5909107702 3.8718797051 2.7955481598 
C 0.9467975095 4.5088736744 2.0028038210 
H 0.8342709211 3.7406728759 1.2501016233 
C 0.5835974167 5.8873009290 1.8463848196 
H 0.0714348666 6.3194869997 0.9962961412 
C 0.9281242666 6.5720127469 3.0604099448 
H 0.7914994137 7.6279986971 3.2477074135 
C 1.5687021737 5.6471518028 3.9054222451 
H 2.0195748342 5.8651164560 4.8646219818 
C 1.5778558158 4.3678664364 3.2512183384 
H 2.0478701475 3.4706252528 3.6334658895 
 
Table 15.  Cartesian Coordinates for Geometry Optimized [Cp*MoO2]2O 
[Cp*MoO2]2O 
ESCF = -1292.01895948942 Hartrees 
atom x y z 
C 0.3738407638 -1.2550092637 -3.8182156206 
C 1.6116905533 -1.3472477403 -3.0810723319 
C 1.3429477154 -2.0506923742 -1.8806185099 
C -0.0473236064 -2.4578751421 -1.8939662041 
C -0.6320386122 -2.0042834331 -3.1019740134 
C 0.2177195607 -0.6764061362 -5.1968205283 
H 0.4435261217 -1.4379912371 -5.9563589215 
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H 0.8962969924 0.1652603819 -5.3580235586 
H -0.8020728435 -0.3239216283 -5.3718219843 
C 2.9156249942 -0.7625709715 -3.5325526244 
H 3.7069358733 -0.9363230345 -2.8002482206 
H 2.8298268744 0.3208911564 -3.6769953196 
H 3.2322413242 -1.2098368200 -4.4824553499 
C 2.3081910549 -2.3853567975 -0.7822965685 
H 3.2824987714 -1.9180290495 -0.9413916691 
H 2.4630075697 -3.4707286256 -0.7272791167 
H 1.9443091536 -2.0594147011 0.1967413247 
C -0.6997964648 -3.2613420346 -0.8084995724 
H -1.7659472098 -3.4036547637 -0.9970578335 
H -0.5995186180 -2.7844557729 0.1715290685 
H -0.2365333555 -4.2537258617 -0.7364108063 
C -2.0399030375 -2.2029265157 -3.5762787531 
H -2.6077079248 -2.8381298312 -2.8928751210 
H -2.0535063195 -2.6770430753 -4.5647985733 
H -2.5647718430 -1.2425776689 -3.6515510765 
O 0.0000000000 0.0000000000 0.0000000000 
O -1.6324246767 0.6155045809 -2.3416470528 
O 1.0291295050 1.4048701075 -2.3421119216 
Mo -0.0320898793 0.1026107722 -1.9187173616 
C -0.3738407638 1.2550092637 3.8182156206 
C -1.6116905533 1.3472477403 3.0810723319 
C -1.3429477154 2.0506923742 1.8806185099 
C 0.0473236064 2.4578751421 1.8939662041 
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C 0.6320386122 2.0042834331 3.1019740134 
C -0.2177195607 0.6764061362 5.1968205283 
H -0.4435261217 1.4379912371 5.9563589215 
H -0.8962969924 -0.1652603819 5.3580235586 
H 0.8020728435 0.3239216283 5.3718219843 
C -2.9156249942 0.7625709715 3.5325526244 
H -3.7069358733 0.9363230345 2.8002482206 
H -2.8298268744 -0.3208911564 3.6769953196 
H -3.2322413242 1.2098368200 4.4824553499 
C -2.3081910549 2.3853567975 0.7822965685 
H -3.2824987714 1.9180290495 0.9413916691 
H -2.4630075697 3.4707286256 0.7272791167 
H -1.9443091536 2.0594147011 -0.1967413247 
C 0.6997964648 3.2613420346 0.8084995724 
H 1.7659472098 3.4036547637 0.9970578335 
H 0.5995186180 2.7844557729 -0.1715290685 
H 0.2365333555 4.2537258617 0.7364108063 
C 2.0399030375 2.2029265157 3.5762787531 
H 2.6077079248 2.8381298312 2.8928751210 
H 2.0535063195 2.6770430753 4.5647985733 
H 2.5647718430 1.2425776689 3.6515510765 
O 1.6324246767 -0.6155045809 2.3416470528 
O -1.0291295050 -1.4048701075 2.3421119216 
Mo 0.0320898793 -0.1026107722 1.9187173616 
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Table 16.  Cartesian Coordinates for Geometry Optimized trans-[CpFe(CO)(-CO)]2 
trans-[CpFe(CO)(-CO)]2 
ESCF = -601.92041278493 Hartrees 
atom x y z 
Fe 0.3883181885 0.7900942084 0.9248005487 
C 0.9746903443 0.5616047311 -0.8821365807 
C -0.7268941745 2.0901802676 0.5181649953 
O 1.7765556036 1.0251633391 -1.6159099791 
O -1.4435473447 2.9687321333 0.2872625926 
C 1.9250926092 -0.2917745869 2.0617641929 
C 0.8811868705 0.1129373680 2.9476652615 
C 0.7832471438 1.5247697232 2.8926263172 
C 1.7960840578 2.0058086927 1.9840315774 
C 2.5045850018 0.8818273996 1.4925658602 
Fe -0.3882227220 -0.7904014337 -0.9248796186 
C -0.9742738435 -0.5624640408 0.8821427613 
C 0.7261068157 -2.0911158818 -0.5179857551 
C -1.9167182264 0.2965320289 -2.0682054913 
C -0.8752257168 -0.1203971856 -2.9513611409 
C -0.7879575750 -1.5326733090 -2.8885718138 
C -1.8047002280 -2.0015268480 -1.9780344252 
C -2.5050681660 -0.8696328459 -1.4930557019 
O -1.7758382258 -1.0263613869 1.6159928923 
O 1.4423796871 -2.9699054400 -0.2867461598 
H -2.2217549305 1.3171245555 -1.8845622280 
H -0.2253818879 0.5293011185 -3.5204880132 
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H -0.0899857664 -2.1523722251 -3.4346670265 
H -2.0032292769 -3.0329103598 -1.7215457605 
H -3.3065283539 -0.8856379380 -0.7678419496 
H 2.2374352915 -1.3091808872 1.8727594997 
H 0.2362140389 -0.5440251488 3.5136901679 
H 0.0808968533 2.1362577524 3.4423435083 
H 1.9870394270 3.0399662094 1.7330224347 
H 3.3052978956 0.9076368075 0.7668087271 
 
Table 17.  Cartesian Coordinates for Geometry Optimized [CpFe(CO)2]2 
[CpFe(CO)2]2 
ESCF = -601.92041278493 Hartrees 
atom x y z 
C 1.2256142944 -2.4745898685 1.1266768537 
C 2.0078180656 -1.8443464733 0.1207165878 
C 2.7742140579 -0.8130458048 0.7291074380 
C 2.4952671694 -0.8323954413 2.1384861716 
C 1.5435515014 -1.8535832872 2.3827238376 
C 0.8003036031 1.3544689204 1.2582005114 
C -0.9382432368 -0.5061371028 1.7164854211 
H 0.5308765375 -3.2885842098 0.9744060942 
H 1.9962713951 -2.0854245091 -0.9322724682 
H 3.4582873516 -0.1471984227 0.2223449569 
H 2.9184206561 -0.1680756165 2.8793080929 
H 1.1137007935 -2.1047761440 3.3426018498 
Fe 0.6888471977 -0.3835628756 1.0826326772 
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O 0.9405391447 2.4932871049 1.4328155400 
O -1.9842519660 -0.6347795327 2.2026114192 
Fe -0.6888471977 0.3835628756 -1.0826326772 
C -1.2256142944 2.4745898685 -1.1266768537 
C -2.0078180656 1.8443464733 -0.1207165878 
C -2.7742140579 0.8130458048 -0.7291074380 
C -2.4952671694 0.8323954413 -2.1384861716 
C -1.5435515014 1.8535832872 -2.3827238376 
C -0.8003036031 -1.3544689204 -1.2582005114 
C 0.9382432368 0.5061371028 -1.7164854211 
H -0.5308765375 3.2885842098 -0.9744060942 
H -1.9962713951 2.0854245091 0.9322724682 
H -3.4582873516 0.1471984227 -0.2223449569 
H -2.9184206561 0.1680756165 -2.8793080929 
H -1.1137007935 2.1047761440 -3.3426018498 
O -0.9405391447 -2.4932871049 -1.4328155400 
O 1.9842519660 0.6347795327 -2.2026114192 
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